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Abstract
Although anterior cruciate ligament (ACL) reconstruction is a highly developed surgical
procedure, sub-optimal treatment outcomes persist. This can be partially attributed to an
incomplete understanding of knee joint kinematics and regional tissue mechanic properties.
A system for minimally-invasive investigation of knee joint kinematics and tissue mechanics
under clinically relevant joint loads was developed to address this gap in understanding. A
five degree-of-freedom knee joint motion simulator capable of dynamically loading intact
human cadaveric knee joints to within 1% of user defined multi-axial target loads was
developed. This simulator was uniquely designed to apply joint loads to a joint centered
within the field of view of a micro-CT scanner. The use of micro-CT imaging and tissueembedded radiopaque beads demonstrated high-resolution strain measurement,
distinguishing differences in inter-bead distances as low as 0.007 mm. Inter-bead strain
measurement was highly accurate and repeatable, with no significant error introduced from
cyclic joint loading. Finally, regional strain was repeatably measured using radiopaque
markers in four intact, human cadaveric knees to within 0.003 strain in response to multidirectional joint loads. This novel combination of dynamic knee joint motion simulation,
tissue-embedded radiopaque markers, and micro-CT imaging provides the opportunity to
increase our understanding of the kinematics and tissue mechanics of the knee, with the
potential to improve ACL reconstruction outcomes.

Keywords
Anterior cruciate ligament, micro-computed tomography, joint motion simulator, radiopaque
beads, regional tissue strain
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Chapter 1
Introduction

This section will provide an overview of relevant background information for the work
reported in the following chapters. Knee joint anatomy, biomechanics, injuries and
treatments, the current state of knowledge in the field, and areas for improvement must be
understood to follow the rest of the work.

Anatomy of the Knee
An understanding of knee joint anatomy is an essential step in explaining its
functionality. In general, the knee is the articulation of the femur, tibia, and patella bones
in a weight bearing, synovial joint. The bony structures are mobilized and aligned
through complex kinematics by the bone configurations and many soft tissue structures.

1.1.1 Osteology
The femur, tibia, and patella are the load bearing, articulating bones in the knee joint. The
femur and tibia are long bones, composed of a cortical bone shell encasing a medullary
cavity with cancellous bone at either end. The femur and tibia structure have three
recognizable sections along their length: the superior and inferior ends (epiphyses) which
articulate with other bones, and the mid-substance shaft (diaphysis). Broad articulating
surfaces at the epiphyses create stable joints and allow insertion from many of the
stabilizing soft tissues. As the most dense and strongest layer, the cortical bone bears the
majority of the load and contains small vessels distributed throughout the walls to
provide nutrients and cell messaging pathways.1,2 Cancellous bone, on the other hand, is
less dense due to thousands of small pores created between thin bone struts referred to as
trabeculae. It is typically found in the end portions of the long bones. 1,2 Their structures
provide the femur and tibia strength to bear up to six times body weight. 3 The patella is a
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sesamoid bone that develops in the mid-substance of the quadriceps tendon in response to
the stress concentration where the ligament passes over the knee joint. Sesamoid bones
protect tendons from wear and change the direction of the tendon to increase its
mechanical advantage. The femur and tibia are of particular interest in the following
work.

Figure 1.1: Synthetic model of the femur and tibia articulation forming the knee joint
(Knee Joint, Sawbone, US).
1.1.1.1 Femur
The femur is the longest and strongest bone in the human body. It has a highly
specialized structure to efficiently bear the weight of the body from its superior
articulation with the acetabulum to its inferior articulation with the tibia. At the knee, the
femur broadens from its diaphysis into two approximately hemispherical bony eminences
called the medial and lateral condyles. These are separated by the intercondylar fossa of
the femur.4 The medial condyle, slightly larger and longer than the lateral, bears a larger
proportion of the body weight than the lateral condyle.5 Both condyles articulate with the
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tibia to form the medial and lateral tibiofemoral articulations, which are responsible for
weight bearing in the knee. Their shape stabilizes a wide range of motion in the knee that
are essential to its function.6
1.1.1.2 Tibia
The tibia is the second longest bone in the body and is also specially structured to
transmit the weight of the body from the superior articulation with the femur to the
inferior articulation with the talus bone of the ankle. The proximal aspect of the tibia, the
tibial plateau, is an approximately flat plane with medial and lateral facets approximately
parallel with the ground; these facets align and articulate with the medial and lateral
femoral condyles. Between the facets lies the intercondylar eminence, an upward bony
projection that is essential to the stability of the knee as it pushes the convex medial and
lateral condyles onto the flat tibial facets.4 Mirroring the femoral condyles, the medial
facet is slightly larger than the lateral.4,5,7

1.1.2 Desmology
The knee joint is stabilized and aligned by several passive ligamentous structures.
Ligaments are tough bands of fibrous tissue that span from one bone to another. They are
composed of highly organized collagen (type I) proteins arranged into fibers that are
surrounded by a ground substance of glycosaminoglycans and tissue fluid, which gives
ligamentous structures viscoelastic properties.8 When loaded in tension (ligaments
provide no compressive resistance), the collagen fibers align to constrain the
displacement between two bones within a functional range. Elastic and reticular fibers
distributed throughout the ground substance return the tissue to its original shape after
straining within its elastic deformation range. Cross-linking between the collagen, elastic,
and reticular fibers gives unstrained collagen fibers a sinusoidal “crimping” pattern. In
tension, the fibers straighten out and recruit neighboring fibers to resist the load. 8
The four major ligaments in the knee include the anterior (ACL) and posterior (PCL)
cruciate ligaments, and the medial (MCL) and lateral (LCL) collateral ligaments. The
intracapsular cruciate ligaments connect the femur and tibia within the intercondylar
space, and primarily provide stability in the sagittal plane. 6 The collateral ligaments are
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extracapsular, with the medial collateral ligament (MCL) connecting the femur and tibia
medially, while the lateral (LCL) connects the femur to the head of the fibula on the
lateral side of the joint. All ligaments are essential to the function of the knee joint. The
cruciates, the ACL in particular, are commonly studied knee ligaments because they are
among the most commonly injured.9
1.1.2.1 Anterior Cruciate Ligament
The ACL is a primary stabilizer of anterior tibial translation, and a secondary stabilizer of
internal tibial rotation with respect to the femur. Its superior insertion is a fossa on the
posterior-medial aspect of the lateral femoral condyle with an oval shaped footprint
approximately with a surface area of 83 – 197 mm 2.10 In the mid-substance, it is a band of
fibrous tissue ranging from 22 – 41 (mean 32) mm in length. Inferiorly, the ACL inserts
in a fossa between and slightly anterior to the tibial spines with an oval footprint with an
area of 114 – 229 mm2; it is approximately 3.5 times smaller in cross-section at the midsubstance compared to the footprints.10 The ACL is highly innervated and is an important
structure for joint proprioception.8,10-17 It is generally considered to be double-bundled
with anteromedial (AMB) and posterolateral (PLB) bundles. The AMB attaches more
anteromedially on both the femoral and tibial footprints, while the PLB attaches more
posterolaterally. The bundles engage at different flexion angles to provide a constant
restraint over the range of motion. The PLB is under tension when the joint is between
0 – 30° of joint flexion, whereas the AMB is engaged when the knee is between 15° and
full flexion (~ 140°). The spiralling configuration of the fibers between the two
footprints, as well as the large footprint area, allows the ACL to provide some resistance
to internal tibial rotation. Combined, the bundles form a ligament with high tensile
modulus (E = 111  26 MPa) and no compressive resistance.18 The ligament displays
viscoelastic properties and can typically withstand up to 0.15 strain before ultimate
failure.19

Kinematics and Biomechanics of the Knee Joint
The main weight-bearing articulations in the knee are the medial and lateral tibiofemoral
joints. Load transfer across these joints is complex, requiring contribution from all of the
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previously described structures to align the articulating surfaces to best support the loads
throughout the joint’s range of motion. Together, the tibiofemoral joints form a trochoginglymus (rolling and gliding hinge) joint that accommodates motion in six degrees-offreedom (DOF). Rotationally, it can undergo varus-valgus, flexion-extension, and
internal-external rotations. The joint can also withstand translations in the medial-lateral,
anterior-posterior, and compression-distraction directions. 6

a)

b)

c)

Figure 1.2: Rotational degrees of freedom in the knee joint include: a) varus/valgus
rotation, b) flexion/extension rotation, and c) internal/external rotation
[Adapted with permission from Hirschmann et al.6 © European Society of Sports
Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2015]
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a)

b)

c)

Figure 1.3: Translational Degrees of Freedom in the knee joint include: a) medial/lateral,
b) anterior/posterior, and c) compression/distraction translations.
[Adapted with permission from Hirschmann et al.6 © European Society of Sports
Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2015]

1.2.1 Knee Joint Coordinate System
Each of the joint degrees of freedom occurs within a certain range about different axes.
The International Society of Biomechanics has standardized the reporting of knee joint
kinematics using a coordinate system defined by Grood and Suntay. 20 This coordinate
system uses two bone-fixed coordinate systems in the femur and tibia, then relates the
joint kinematics as the motion between these coordinate systems. It is useful for
knowledge translation between engineers and clinicians because each of the axes
corresponds to a clinically relevant DOF. First each bone-fixed coordinate system is
established. The tibial coordinate system is denoted by lower case letters (x, y, z, unit
vectors i, j, k) and the femoral coordinate system is denoted by upper case letters (X, Y,
Z, unit vectors I, J, K). The overall joint coordinate system uses one bone-fixed axis
from the femur, one from the tibia, then creates a final “floating axis” (F).
The first tibia-fixed axis (z) is defined as the tibial mechanical axis, running superiorly
from the center of the ankle to a point midway between the two peaks of the
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intercondylar eminence. A line connecting the approximate center of each plateau is
identified, and the cross product of the first axis with this line creates the second axis (y)
running anteriorly. Finally, the cross product of the two bone-fixed axes (completing a
right-handed coordinate system) to create the third axis (x), which is positive to the right
(i.e., oriented laterally in right knee, and medially in the left).
The femur coordinate system is then established. The first femur-fixed axis (Z) is defined
as running superiorly from the most distal point on the posterior surface of the femur
midway between the medial and lateral condyles, to the center of the femoral head. A line
connecting the most posterior points on the femoral condyles is created, and the cross
product of the first bone fixed axis with this line creates a second axis (Y) running
anteriorly. Finally, the cross product of these two axes is taken (completing a righthanded coordinate system) to form the third axis (X) running to the right (i.e., oriented
laterally in the right knee and medially in the left).
To create the overall joint coordinate system, a floating axis is created that is not based
on any bony landmarks. The mechanical axis of the tibial coordinate system (k) is taken
as the first axis and the flexion axis of the femoral coordinate system (I) is taken as the
second bone fixed axis. The final axis (F) is taken as the cross product of the bone-fixed
axes (completing a right-hand coordinate system). This axis is “floating” because its
orientation changes with knee flexion, and because it is not directly fixed to any bony
anatomy.
Translations within the joint are described as motion between the origins of the two bonefixed coordinate systems along the defined joint coordinate axes. The femoral origin is
located where the femoral mechanical axis (Z) intersects the subchondral bone at the
most distal point on the intercondylar notch. In the tibia, the origin is located where the
tibial mechanical axis (z) intersects the subchondral bone between the two peaks of the
intercondylar notch.
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1.2.2 Range of Motion
In order to describe the joint motions, first a baseline neutral position must be defined.
When the knee is in its neutral position it is fully extended such that the femur and tibia
are aligned in the sagittal plane, corresponding to a 0° flexion angle. The neutral
varus/valgus orientation is related to the femorotibial angle (FTA), which is the lateral
angle between the anatomical axes of the femur and tibia. This is measured in the frontal
plane, and is approximately 178° in men, and 176° and 174° in Asian and Caucasian
women respectively.7 In a healthy knee, the femoral condyles are approximately parallel
with the tibial plateau in the frontal plane, both at an approximately 92 – 93° lateral angle
in relation to the tibial mechanical axis.21 Rotationally the knee is at neutral when the
anterior-posterior planes are aligned (i.e., Y in the femur and y in the tibia).20 Finally, the
joint is aligned in the medial-lateral direction when the femoral condyles are seated on
the tibial plateau.4
The joint motions are defined as the tibia moving with respect to a fixed femur in the
following ways (Figure 1.2, Figure 1.3): axial rotation, varus-valgus rotation, flexionextension rotation, compression-distraction translation, medial-lateral translation, and
anterior-posterior translation. The ranges of motion of each degree of freedom are
determined from clinical assessments of joint stability, which will be discussed later. In
these tests, the joint is loaded in different directions, to magnitudes that will strain the
joint to a firm endpoint but not damage any of the anatomy.
1.2.2.1 Internal/External Axial Rotation
Internal and external rotation occurs about the tibial mechanical axis (k). Internal rotation
is the rotation of the tibia so that the foot rotates towards the midline, while external
rotation is the opposite. In response to a 5 Nm torque, the maximum internal rotation and
external motions are approximately 20°, achieved at 30° of flexion. 22,23 The rotational
freedom varies with flexion angle, with different ligaments restraining the motion during
a flexion cycle. In full extension, the menisci and bony anatomy are mainly responsible
for restraining the motion with secondary support from the ACL, while in full flexion it is
the pars reflexa which passes under the MCL.6
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1.2.2.2 Varus/Valgus Rotation
Varus and valgus rotation are the adduction and abduction of the tibia, respectively, about
the joint center in the coronal plane. A stable knee joint has a mean (SD) of 12 (3.8) of
total laxity in varus/valgus plane.24 The clinical assessment for stability states that a
stable knee joint will experience a < 3 mm medial joint opening under a 10 Nm valgus
torque.25 Varus rotation is restrained by the LCL and the valgus is restrained by the MCL.
Both are also limited by the bony configuration in the joint, as the opposite ligament
closes the joint space and pushes the femur and tibia on the opposite joint side together.
1.2.2.3 Flexion/Extension
Flexion-extension rotation occurs in the sagittal plane about an axis that runs through the
center of two spheres fitted to the femoral condyles. Here full extension places the tibia
and femur over top of each other, and full flexion places it at 120 – 150 with respect to
full extension.26 This is a complex motion contributed to by many ligaments and
structures. The center of flexion rotation is not within the joint space, but remotely
located in the center of the femoral condyles. This requires the tibia to slide with respect
to the femur to complete the motion.
1.2.2.4 Compression/Distraction Translation
Joint compression and distraction occurs perpendicular to the transverse plane with the
space between the articulating surfaces of the femur and tibia closing and opening. Joint
space is typically assessed with a radiograph, and is approximately 6 mm on average and
only changes by up to 0.2 mm from weight bearing to non-weight bearing conditions. 27
This motion is essential for the stability of the knee because while the knee is under
compression the bony configurations are more involved in stabilizing the motion. In joint
distraction the ligaments and tendons are responsible for the stability.
1.2.2.5 Medial/Lateral Translation
Medial and lateral translation occurs perpendicular to the sagittal plane. A stable joint
will typically display less than 5 mm of laxity in this direction. 28 It is mainly constrained
by the lateral ligaments, as well as the bony configuration.
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1.2.2.6 Anterior/Posterior Translation
Anterior and posterior translation occurs perpendicular to the coronal plane. In response
to a 134 N force on the tibia with respect to the femur, maximum anterior translation is
approximately 12 mm while the joint is at 30° of flexion. 22 It is mainly constrained by the
cruciate ligaments and the muscles with secondary support from the bony configuration,
and from the MCL at flexion angles greater than 60. The ACL is mainly responsible for
resisting anterior translation, while the PCL resists posterior translation.
During normal use, these motions rarely occur in isolation. The typical state for the knee
is a complex multi-axial combination of these degrees of freedom. This partly explains
the difficulty in treating the joint, because there are many different configurations and
motions that need to be considered. Much research has already been done to quantify this,
but gaps in understanding still exist.10,29-36 To fill these gaps in understanding,
increasingly higher resolution methods to recreate and track the complex joint motions
are needed.

Ligament Tissue Mechanics
The ligament tissues in the knee joint are essential to its functionality. They are
responsible for the alignment of the articulating surfaces to properly transfer the body
weight from the femur to the tibia. The joint configuration to achieve this is complex,
with multiple tissue structures balanced to restrain every joint-loading scenario through a
wide range of joint motion. Injuries to ligaments alter the distribution of the loads and
have been associated with the development of degenerative joint diseases. 37 Treatments
exist to reinstate the lost functionality of the tissue, however, a failure to reinstate the
native kinematics of the joint has been suggested as a leading cause of long term
degenerative diseases.38,39 The failure of these treatments may be partially attributed to a
lack of understanding of the regional distribution of ligament material properties, such as
tissue strain, in an intact joint.36 Thus, it is theorized that in order to improve treatments,
the regional material properties of ligaments must be better understood.
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1.3.1 Stress-Strain Relationship
Connective tissue demonstrates a typical stress-strain relationship in elastic deformation.
Starting from an unloaded, unstrained position, the first portion of the stress-strain
relationship is non-linear, called the toe-in region. This lasts to approximately 1% of the
strain, and represents a phase during which the collagen fibers in the tissue are becoming
tensioned and aligning.8 After this phase, the tissue exhibits a linear relationship between
stress and strain, with the slope of the line representing the tissue modulus (E = 65.3 –
111 MPa).18 During this phase, which occurs from approximately 0.01 – 0.04 strain, the
collagen fibers in the tissue are aligned and continue to resist elongation. 8 The
deformation experienced here is elastic, and the ligament will return to its native
configuration when unloaded.8 At approximately 0.05 strain, the tissue enters a plastic
deformation phase where the stress-strain relationship is no longer linear. 8 Here
individual collagen fibers in the tissue begin to fracture, indicating the yield strength of
the ligament. Past the yield point, tissue deformation is plastic, and the ligament will not
return to its original fiber arrangement when the load is released. With continued stress,
additional fibers will fail until the entire ligament fractures, at which point the ligament
has reached its ultimate failure, typically between 0.08 – 0.15 strain. 8

1.3.2 Viscoelastic Properties
One major difficulty in studying the biomechanics of soft tissue is related to its
viscoelastic properties. A viscoelastic material demonstrates both viscous and elastic
material properties, which give the tissue time- and history-dependent properties. 8 This
property presents itself in the following work as stress relaxation, tissue creep, and
hysteresis.8 Stress relaxation is the observed property where the stress in a ligament held
at a fixed strain will decrease with time. Creep is a similar property where over time the
strain of the tissue will increase in response to a constant load. Finally, hysteresis is a
difference in the properties of a tissue depending on its loading history due to energy
dissipated within the tissue. For example, tissue demonstrates higher stiffness when a
load is increasing versus when a load is decreasing.8
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One commonly performed method for minimizing the confounding effects of the
viscoelastic properties of the soft tissues in the knee is to apply tissue preconditioning.
This involves cyclically loading the joint in the direction (and to the same magnitude) as
the final mechanical testing, prior to study. Previous work has demonstrated that after as
little as four cycles the strain response to an applied load is relatively consistent. 40

1.3.3 Soft Tissue Injury
Within the normal physiological range, the ligament is only strained to approximately a
quarter of its ultimate failure (between 0 – 0.03 strain). The most strenuous activities for
the ligaments of the knee (i.e., squatting to 100 – 140° of flexion) have been
demonstrated to strain the ACL up to 0.04 strain. 32 If the stress of the ACL produces
between 0.03 – 0.05 strain it could cause a sprain, where of a small proportion of the
fibers in the ligament are torn; this type of injury will heal through natural processes.
However, for the majority of the ligaments in the knee, a complete tear of a ligament (i.e.,
> 0.08 strain) cannot heal on its own.8

ACL Injury and Treatment
1.4.1 Anterior Cruciate Ligament Injury
Approximately 600,000 people with knee injuries present to US emergency departments
annually 41 with soft tissue injuries (i.e., intra-joint strains, sprains, and lesions)
accounting for approximately 42% of these cases.41 The most common injury in the knee
is a sprained ACL, comprising 20% of all knee joint injuries that present to the
emergency department.42 As one of the four major stabilizers in the joint, injury to the
ACL is highly disruptive of joint loading, potentially resulting in chronic disorders that
can have a lasting effect on performance and activities of daily living.
Excess loads on the ACL can tear the ligament partially, entirely, or cause it to avulse
from its bony insertions. Over 250,000 North American’s experience a complete ACL
tear each year43 from a wide range of non-contact (70%) and contact (30%)
mechanisms.44 The most common injury mechanism is a non-contact event where a rapid
internal rotation and valgus torque at a small knee flexion occur in combination with a
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large anterior load while the majority of the weight is on this leg. This motion is seen
often in high intensity sports while the athlete is decelerating quickly and changing
direction or landing.45 The majority of ACL injuries occur in basketball, football, and
volleyball42,44,46 and injuries most commonly occur to the mid-substance of the tissue.
Contact injuries occur when the joint has a large translational force applied to the anterior
aspect of the tibia when it is in direct contact with a fixed surface,44 applying the same
biomechanical load on the knee as described above.
The highest number of ACL tears occurs in young adults (10 – 24 years) who are the
most physically active in high-intensity sports. 41 This is in contrast to older, less active
individuals (> 35 years) where the majority of ACL tears occur during use of machinery,
stairs, ramps, and or as a result of an awkward step.41

1.4.2 Assessing Joint Injury and Stability
Diagnosing a knee injury is a difficult task in the clinical setting because each degree of
motion is stabilized by multiple structures; as such, other tissues can compensate for the
injured tissue and give a false negative test.47 There are many clinical tests available to
assess knee joint stability, each targeting different structures. There are three tests
commonly used to assess injury to the ACL: the Lachman test, anterior drawer, and pivot
shift test. In the Lachman and anterior drawer tests, the tibia is pulled anteriorly with
respect to a stationary femur while the patient is in a supine position with the knee flexed
at 20 – 30 and 90 of flexion respectively.47 Both are highly sensitive to ACL injury,
with the Lachman test generally regarded as the more accurate of the two. 47 When the
ACL is intact (i.e., negative Lachman/anterior drawer) the knee will present with a firm
end point to the anterior load. In contrast, when the ACL is injured (i.e., positive
Lachman/anterior drawer) there will be an ambiguous end point, characterized by
increased anterior translation.47 The third test, the pivot-shift, involves applying an
internal rotation torque, a valgus torque, a compressive load, and an anterior force applied
through a flexion cycle while the patient is in a supine position. 47 An ACL intact knee
will smoothly slide the tibia along the femur, while an ACL injured knee will present
with a subluxation of the tibia at approximately 30 – 40 of flexion. The pivot shift is less
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sensitive than the Lachman test, but more specific.47 This means that it has a higher false
negative rate than the Lachman test for detecting an ACL tear, but is a more definitive
assessment because it targets the ACL more exclusively.47

1.4.3 Anterior Cruciate Ligament Injury Surgical Treatment
Treatment of a torn ACL can be either conservative (e.g., physiotherapy and bracing), or
involve a surgical reconstruction. Younger, active patients (< 30 years of age) are more
likely to undergo ACL reconstruction (62% of total cases in the US) so that they can
return to high-intensity sport, while older patients (> 30 years of age) tend to opt for more
conservative measures.48 If conservative treatments fail to properly heal an injured ACL,
the patient is referred to surgical intervention. However, regardless of joint stability or
age, a desire to return to high-intensity sport usually necessitates reconstructive surgery.
Surgical treatment of an ACL deficient knee aims to restore joint stability by replacing
the function of the torn ligament with a soft-tissue graft. 36,49 The surgery involves drilling
tunnels in the tibia and femur in approximately the same locations as the native ACL
footprints at approximately the same line of action. 50 A soft tissue graft is then passed
through the tunnels and secured to the bone with a metal or plastic anchor. There are
approximately 125,000 reconstruction surgeries each year in the US, 43 accounting for
12.9% of all arthroscopic knee surgeries.43
Tissue grafts can be sourced from another location in the patient’s body (autograft), or
from a cadaveric donor (allograft).51 The most important factor in graft selection is the
material properties, because it must simulate the stiffness and strain response of an intact
ACL as closely as possible.51 Autografts are the preferred source (70%), with multiple
studies demonstrating superior functionality and improved osseointegration. 52,53 The
preferred graft source has evolved over the years, with the most common sites being the
patellar tendon and semitendinosus tendon (a hamstring tendon). The current gold
standard is the bone-patellar tendon-bone complex (BPTB)53 accounting for 49% of all
grafts.53 Bone-patellar tendon-bone complex autografts are associated with greater patient
reported stability compared with the semitendinosis autografts, however there is no
difference in clinical knee scores and rate of failure.10 Bone-patellar tendon-bone
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complex grafts also demonstrate faster healing and maturation, compared to the
hamstring tendon graft.10
The organization of bundles within the graft is also essential to its mechanical properties.
The ACL is a double-bundled structure with different ranges of motion supported by each
bundle, and as a result, double-bundled grafts have become popular in an attempt to
reproduce the native anatomy.10 The tensioning of the graft within the joint space is an
important consideration during ACLR because it has been shown to affect the orientation
and position of the articulating surfaces.54 Furthermore, insufficient tension at the time of
surgery can result in joint laxity, while excessive tension can lead to pain and reduced
range of motion.10 Despite these potential complications, there is still little consensus on
the correct magnitude of tensioning.
The result of ACLR is a tissue intended to have the same material properties as the
original intact ACL, in approximately the same location. The overall goal of ACLR is to
reinstate the original load distribution across the knee as precisely as possible.

1.4.4 Anterior Cruciate Ligament Surgical Treatment Prognosis
Although reconstruction surgeries are generally considered successful, with up to 97% of
patients reporting satisfactory joint functionality immediately post-operatively, 35 up to
27% of patients experience a failed graft within 10 years post-surgery. 55 The risk of
reinjuring the ipsilateral ligament is 15 times higher than the risk of initial injury, 55 with
potential increased risk for injuring the contralateral joint. 55 Patient-reported feelings of
instability has resulted in only 55% of patients returning to their previous activity levels
after a reconstruction;49,56 however, feelings of instability are also reported in patients
who opted for conservative treatment. Feelings of instability can be partially attributed to
alterations in the joint loading pattern as a result of the injury or reconstruction. This
persisting instability has also been associated with an increased risk of developing
osteoarthritis (OA).10,44 Accumulating evidence indicates that OA progression is highly
driven by altered biomechanical forces and the resulting pathological responses of the
tissues to these loading patterns, causing tissue deterioration and loss of function. 57 The
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rates of post-traumatic OA from an ACL injury in the knee joint range from 10% to
90%.57,58 Multi-structure injury in the knee greatly increases the risk of OA. 57
The modes of surgical failure are traumatic (32%), technical (24%), biologic (7%),
combination (37%), and infection (< 1%).53 Traumatic failures are typically attributed to
returning to sport too soon after injury or overstraining the ligament. 53 Technical failures
are surgical complications with the reconstruction, with the most common type being
malposition of the femoral tunnel (80%), followed by tibial tunnel malposition (37%). 53
Biologic failures are not well understood, but are classified as a failure of graft
incorporation. Combination failures are a result of multiple failure modes, while infection
failures occur when the graft is rejected due to infection.53

Previous Work Studying Knee Joint Biomechanics
Studying the biomechanics of the knee joint is essential to optimizing treatment of its
injuries. The knee is one of the most studied joints in the body, due to its complex
structure and importance in everyday use.6 However, because of this complexity, gaps in
the understanding of knee-joint biomechanics persist. 36 To fully understand the
biomechanics of the joint requires a method that to applies joint motion while tracking
the resultant kinematics and tissue mechanics. Joint motion must be anatomically
accurate both in magnitude and direction, and the kinematic tracking method must be
minimally-invasive and at a high enough resolution to distinguish anatomical motions
and strains. This section will review the methods that currently exist to investigate kneejoint biomechanics.

1.5.1 Material Selection
A wide range of materials has been used to gain understanding of the human in vivo knee
to improve injury treatment methods. These subjects include in vivo human and animal
(both large and small) knee joints, in vitro human and animal knee joints, and isolated
tissue testing.
Studies that directly test the in vivo human knee are the most directly translatable to
clinical application, but these studies have some limitations. Studies of human in vivo
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joint kinematics and tissue mechanics have contributed greatly to our understanding of
the knee, providing an anatomically accurate range of native motion and tissue
strains.10,30,32,59-61 They are, however, limited in their investigations of potentially
damaging joint motions or novel treatments.29 It is also not possible to directly quantify
the tissue mechanics of a fully intact knee joint. Instead, the mechanics are collected
indirectly from overall joint kinematics, or directly from patients who are undergoing
joint treatment for another injury which allows arthroscopic access to the joint. 30,36 Large
animal models such as porcine, bovine, ovine, and canine have similar in vivo anatomy as
humans in the knee joint, however physiological responses and load distribution
sometimes differ, and so must be further verified in humans for clinical applicability. 54,6264

They are useful models for pre-clinical assessment of novel treatments and assessing

disease progression, but the generalizability of the results to humans may be
limited.36,62,65
The in vitro cadaveric human knee is another useful model commonly used to understand
human in vivo mechanics. Cadaveric joints provide a constant medium to collect native,
intact baseline measurement of the joint kinematics and tissue strain to quantify the
effects of treatments.29 They allow control over surgical technique and detailed testing of
the exact changes each technique effects in the joint kinematics on the same specimen. 6669

One limitation associated with cadaveric testing is that it does not model the time-

elapsed physiological healing process after a treatment. For example, while these models
can test the effect of a certain surgical procedure on joint kinematics, they cannot
simulate the in vivo biological response to a treatment (i.e., healing, immune response,
contralateral loading effects). Studies have shown no difference in material stiffness,
ultimate strength, or creep between fresh cadaveric ligament tissue, and those that have
undergone up to eight freeze-thaw cycles.70 While some have observed alterations in
tissue micro-structure,63,71-74 these changes have not been demonstrated to affect the
overall tissue properties.70,75 Another potential limitation to a cadaveric testing is the lack
of patient-reported feelings of pain or instability, which can be an important indicator of
non-physiological loading within the joint. However, a change in the joint kinematics
post-surgery is highly indicative of joint disease.76 In vitro animal models also allow
testing of various surgical treatments and non-anatomic joint motion pathways. They are
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less expensive than human samples to obtain, but have some anatomical and material
strength differences that must be considered.36,62,65 Overall, the properties of cadaveric
subjects make them useful for investigating novel surgical techniques and tools.
Isolated tissue testing is a useful model given its simplicity and direct measurement of the
tissue properties without the contribution of surrounding structures. 10 However, most
situations of isolated testing fail to reproduce the intact joint environment, and so often
apply anatomically inaccurate loads. Furthermore, ligament strength has been shown to
change with loading orientation, and so isolated tests can give inaccurate values for tissue
strength.77

1.5.2 Motion Simulators
The cadaveric model must be animated to see the resultant kinematic and tissue behavior.
Many motion simulators have been developed to investigate knee joint
biomechanics.26,29,30,33,34,68,78-94 Due to the large volume of work that has been done in this
field, this discussion will be limited to simulators which actuate motion in in vitro
models, excluding the simulators used in in vivo studies. These simulators often mimic
clinical assessments of joint kinematics, mainly the previously described Lachman test or
pivot-shift test.
Motion simulator actuation can be divided into “active” motion (where the muscles are
synthetically tensioned to simulate joint loading), and “passive” motion (where the bones
in the joint are actuated).29 Active simulators benefit from the similarity to native in vivo
motion,29 but are limited in their load magnitudes and degrees of freedom, 29 and cannot
simulate some injury mechanisms. For example, the main mechanism of ACL injury is a
non-contact motion of combined rotation, valgus force, and anterior translation of a
femur against a fixed (planted) tibia.36,95,96 The muscles in the joint cannot apply this
combination of motions, and thus the strain response of the tissues within the joint could
not be investigated for this injury mechanism. Passive simulators on the other hand allow
researchers to investigate both clinically accurate loading protocols 29,34,79,86,91 as well as
mechanisms of injury.29,79,97 One limitation with these simulators is that the motions lack
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dynamic stabilization from the muscles, potentially changing the joint kinematics and
loading environment in the knee.29,36,98
Simulators also fall into either “static” or “dynamic” motion application protocols. In
static simulation, a load or displacement is applied to the joint and maintained for a
period while the kinematics or load are assessed without tracking the stress
relaxation.99,100 In dynamic load application, the load follows the tissue stress relaxation,
resulting in a more accurate assessment of the joint’s dynamic behaviour. 10,29 The
principles of functional tissue engineering indicate that mimicking activity within the in
vivo range is more likely to provide clinically relevant results. 29 Thus, the ideal simulator
design to measure clinically relevant values of joint kinematics and tissue mechanics is
one that simulates accurate, dynamic motion.
Many robotic simulators exist that apply dynamic motion control through the full range
of motion of the knee joint. The VIVO™ (AMTI, USA), for example, is a commercially
available joint motion simulator that can control a knee joint throughout its full range of
motion with full body-weight magnitude loads.94 In addition, several industrial fully
articulating robotic arms have been repurposed for ACL research, providing a full six
DOF joint motion range at clinically relevant load magnitudes. 29,66,82,84,101-103 These
simulators can all load the joint to several times body weight over a wide range of joint
motion profiles. These systems are highly useful for ACL research because they can
provide accurate dynamic joint kinematics and range of motion similar to in vivo
environments, but with control over surgical technique seen in in vitro studies. While
these have the potential to contribute a great deal to ACL research, they are not
applicable for every study because they are not compatible with some types of joint
tracking (e.g., can interfere with tracking systems that require direct line of sight, or
medical imaging systems that cannot have metal in the FOV), and have substantial
physical footprints (i.e., require direct floor mounting with sufficient space for full arm
articulation).
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1.5.3 Knee Joint Kinematic Tracking
In order to assess the effects of various joint treatments and the contributions of soft
tissue structures on joint functionality, a testing system must be able to quantify joint
kinematics. Several commercially available kinematic tracking systems exist with
varying degrees of resolution and accuracy. The most common systems used to track
joint kinematics include optical31,104 and electromagnetic tracker systems,105,106 and
radiostereometric analysis (RSA).107-109
Optical tracking systems use an arrangement of cameras to track light either transmitted
(active) or reflected from point markers (passive) that are placed on reproducible body
landmarks and used to reconstruct limb motion. 104 Active markers emit a light source,
typically infrared (IR), while passive markers are retroreflective and reflect light from
another source.38 A system of at least two cameras are set up in a stereo configuration to
capture the motion of the markers as the subject moves through the camera fields of view.
The motions captured from the two cameras can then be resolved into 3D motions and
joint kinematics. These systems are popular for tracking in vivo whole-body kinematics
because they are non-invasive and can have a large field of view. They have high
temporal resolution (upwards of 200 Hz), with spatial resolution that is dependent on the
object’s distance from the cameras (as low as 0.25 mm).104,108,110 Intra-trial measurement
repeatability is excellent, however inter-trial measurements are problematic due to the
error in repeatably placing the markers.104 Since the markers are fixed to the skin, they
are not always exactly representative of the joint kinematics due to skin moving
separately from the bone, with errors up to 4 mm compared to subchondral bone reported
for the lower limbs.111-121 Many cadaveric studies get around this by fixing the trackers
directly to the bones with rigid bone pins, which eliminates the problem associated with
soft-tissue artifact and provides a more accurate quantification of bone motion. 121
Another limitation of these methodologies is the need to digitize the bony landmarks in
order to create a coordinate system, thus adding further sources of error in the kinematic
tracking.109 Finally, the system requires a direct line of sight between the cameras and
trackers. This requires careful consideration of the planned motions or motion simulator
used (in cadaveric studies) because some motions or simulators can block the line of sight
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and thus lose signal from some markers. 109 All things considered, optical tracking
systems are a useful and highly utilized tool for understanding the joint kinematics in
response to clinically relevant loading scenarios.
Electromagnetic (EM) tracking systems use the same principle as optical trackers, but
track EM signals as opposed to light. EM markers can also be divided into active and
passive. Active markers output an electromagnetic signal that is picked up by a detector.
Variations in this signal indicate changes in position and orientation of the tracker.
Passive detectors cause changes in an electromagnetic field, which can be used to
calculate positions and orientations. These systems demonstrate similar accuracy as an
optical tracking system, with tracking errors on the order of 0.5 to 1 mm, but has many
more environmental limitations.105,106 The biggest concern is that metal around the
tracking system alters the signals from the markers and affects tracking accuracy,
increasing errors up to 2 mm in environments with a lot of metal instruments. 106 Like the
optical tracking system, it also requires a direct line of sight between the trackers and
detector. This system is more popular in quantification of fine motor movements and is
also highly prevalent as real time tool tracking in many clinical interventions.
Finally, RSA is a well-established imaging technique to assess subchondral bone
motion.107,109,122 It simultaneously captures planar projections from two x-ray sources set
up in a stereo configuration. To aid in the reconstruction of an object from two views,
radiopaque beads (typically tantalum, 0.8 mm diameter) are embedded into each of the
bones that comprise the joint of interest. The two images are reconstructed to provide a
3D view of the subchondral bone during motion in high resolution. 123 The main
advantage of this method is the direct visualization of the subchondral bone, with a high
temporal frequency during the motion (upwards of 100 Hz), and a high spatial resolution
(as low as 0.04 mm), which provides the most accurate measure of joint kinematics. 123
Because this system allows direct visualization of the bones and joint space, it is a
powerful tool for tracking joint implants during motion, as well as potential indicators of
degenerative diseases such as joint space narrowing or irregular bone motion pathways.
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Table 1.1: Comparison of commonly used kinematic tracking systems.
Tracking

Temporal

Spatial

In Plane

Out of Plane Error

System

Resolution (Hz)

Resolution (mm)

Error (mm)

(mm)

Optical104

200

0.25

0.1

0.15

EM106

160

0.03

0.5-1

0.5-1

RSA124

100

0.04

0.02

0.02

1.5.4 Quantifying Ligament Strain
The final factor in understanding joint kinematics is measurement of ligament tissue
properties, especially ligament strain. While kinematic tracking provides an estimate of
the effect the soft tissues have on the overall kinematics of the joint, it cannot be used to
determine the tissue level properties of individual structures. 36 This quantification is of
interest to clinicians diagnosing tissue injuries in the joint, for example, or selecting a
graft that better mimics the native ACL for tissue replacement. 21,51 To be clinically
relevant, the strains must be measured without disrupting either the tissue’s or the joint’s
functionality through the anatomical motions, and at relevant joint loads. Major
challenges with quantifying ACL strain are associated with the complexity of its
environment (little room for direct instrumentation) and the low-magnitude strains that it
undergoes during normal joint motion (requiring high-resolution strain measurement
tools).
Isolated tissue testing (as described above) can provide useful information about tissue
strain, however this is the most invasive measurement method, as it requires the tissue to
be removed from its native biomechanical and physiological environment and
independently loaded.36 When properly oriented and loaded, they can give relevant
measures of the tissue mechanics.50,77 However, it is difficult to properly mimic the
complex and multi-directional loading environment.77 This can be partially accounted for
by maintaining the bony anatomy around the tissue, especially the ligament entheses, but
the most accurate measurement of in vivo tissue strain accounts for the surrounding
structures. In order to understand how the tissue responds in a clinically relevant
environment, the tissue should be tested in its native mechanical position in the joint. 125
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Another method employed is to systematically section load bearing structures in an intact
joint and assess the changes in joint kinematics after each structure is removed. 102 This
method has provided useful information for diagnosis of joint injuries, as it quantifies the
effect the tissue has on overall joint kinematics and provides information about the loads
and directions of restraint each tissue provides.36 Noyes et al. used this technique to
determine that the ACL bears approximately 87% of the anterior load in a joint, 67 a
finding which was confirmed by subsequent studies. 36,126-128 However, one study showed
that this method depends on the order the structures are sectioned, and so may not
produce consistent results across studies.127 Finally, this method is completely destructive
of the specimen, preventing further testing and comparisons. To compare the effects of
different surgical techniques on a joint’s functionality, a strain measurement tool is
required that does not destroy the specimen after each test.
Direct instrumentation of the ACL has provided information about intact in vivo tissue
mechanics during clinically relevant anatomical motions. Differential variable reluctance
transducers (DVRT),32 Hall effect strain transducers (HEST),32 and liquid mercury
gauges129 have been directly implanted on the tissue to quantify tissue strain by
measuring displacement between their two ends which are attached directly to the tissue.
The current gold standard for these studies is the DVRT. 32 One benefit of the direct
instrumentation method is that the instrument is sufficiently minimally-invasive that it
can be applied in in vivo studies, giving valuable tissue specific properties of different
structures under anatomically accurate loading through a range of normal joint
activities.32 Despite its usefulness in both in vivo and in vitro studies, this method is
limited to measuring strain in the lower third of the ACL to avoid impinging on the
surrounding joint structures, which misses potentially important inhomogeneities in strain
distribution along the tissue length.130 This has implications for the success of
reconstructive surgery, because tissues with different strain distributions may respond
differently to applied loads, which could impact the joint kinematics. 36 In order to
improve our understanding of the optimal ACLR technique, the entire length of the ACL
tissue must be assessed. Thus, a measurement technique is required that is able to nondestructively measure small magnitude strain in multiple regions of ligament tissue.
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1.5.4.1 Strain Measurement Resolution Consideration
The intact ACL does not undergo a large amount of strain during normal use. The
maximum in vivo ACL strain measured in studies which directly instrumented the ACL
was approximately 0.044 strain, which translates to only 1.5 mm over an entire 35 mm
length tissue.32 The DVRT represents the gold standard due to its high resolution, which
has allowed the characterization of fine differences in tissue strain under different joint
motions to within 0.007 mm over a 5 mm transducer (0.0014 strain). 30,32 This small
displacement resolution provides a 0.0014 strain resolution, which represents only 3.5%
of the maximum ligament strain. No other transducer exists with this resolution, and due
to its limitation to the lower third of the ACL, there is a gap in the understanding of
ligament strains along the length of the tissue at this high resolution. Thus, in order to
contribute useful information about the tissue and differentiate strains under different
joint motions, a high-resolution strain measurement system is required that can access
more regions of the tissue. One approach that may achieve this is through micro-imaging
of intact specimens that contain radiopaque soft-tissue markers implanted minimallyinvasively.

1.5.5 Micro-Computed Tomography in ACL Biomechanics
Computed tomography (CT) imaging is a highly useful modality for visualizing the
musculoskeletal system.131-142 It provides non-invasive, high resolution, 3D images of
subchondral bone in a short imaging time. Micro-computed tomography (micro-CT)
provides higher resolution images than regular CT imaging, with clinical CT scanner
resolutions ranging from 0.2 to 0.5 mm, and micro-CT resolutions as low as
0.001 mm.143-148 These characteristics make it useful for studying joint biomechanics and
tissue strain with high resolution.
Some challenges typically associated with using micro-CT imaging in biomechanics
include small-diameter imaging field of view (FOV), and long imaging times to achieve
high resolutions.143 However, an open bore, cone-beam, micro-CT system (GE Locus
Ultra, London, ON) with short imaging time (16 s exposure) at Robarts Research Institute
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provides a unique opportunity to use high resolution micro-CT imaging to study joint
biomechanics (Figure 1.4).

Figure 1.4: Micro-CT imaging system in the Preclinical Imaging Research Center
(PIRC) at Robarts Research Institute (GE Locus Ultra, London, ON).

1.5.6 Measuring Joint Kinematics
A number of previous studies have utilized CT imaging for complex analysis of joint
motion, including multi-axial loading patterns and alignment of articulating
surfaces.99,135,137,149-158 Few studies have used micro-CT imaging for this purpose, likely
due to the difficulties outlined above.99
One consideration with calculating joint kinematics using micro-CT images is the lack of
key anatomic landmarks used in generating a joint coordinate system with the full Grood
and Suntay method. With an imaging FOV 10 cm in length, the image captures
approximately 5 cm of inferior femur, and 5 cm of the superior tibia. These images do not
include important landmarks such as the femoral head (used to create the Y axis) or the
center of the ankle (used to create the y axis). Thus, a modified Grood and Suntay method
is adopted to calculate clinically relevant joint rotations and translations. This method
replaces the femoral head with a centroid of four points selected on the perimeter of the
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femur diaphysis. It also replaces the ankle with a centroid of four points selected on the
perimeter of the tibia diaphysis. The remaining bony landmarks within the joint are kept
the same as the original Grood and Suntay method.

1.5.7 Measuring Ligament Strain
As previously mentioned, high-resolution strain measurement methods are required to
investigate regional strain inhomogeneities in the ACL. Micro-CT imaging provides
high-resolution distance measurements over its entire FOV, with the added benefit of
being non-destructive, non-invasive, and relatively fast (with select systems). Despite low
soft-tissue contrast, CT has been used in studies to quantify soft tissue deformations. 159,160
Methods such as tissue stains, and radiopaque beads have been used to quantify tissue
deformation in response to loading.161-163 However, these techniques have not yet been
applied to measure the concurrent strain in the ACL and kinematics of the joint under
anatomic joint loading. Overall, a great deal of work has been done using imaging to
assess joint kinematics and soft-tissue strain response to loading, however there is still
potential for more complex joint configurations to be assessed in higher resolution with
this modality.

1.5.8 Knee Joint Motion Simulator Compatibility
Due to the large physical footprint of most micro-CT imaging systems and their radiation
shielding, they are incompatible with existing dynamic knee-joint motion simulators. For
example, it would not be possible to use a fully articulating robotic arm with this
modality due to the range of motion needed for the arm, which would likely interfere
with the scanner. Thus, a more dedicated knee-joint motion simulator system is required
that is compatible with the scanner. Ideally this system would provide all the same kneejoint testing capabilities of the robotic articulating arm, but in a smaller footprint that is
compatible with the scanning system. No such simulator currently exists to fill this
purpose.

Thesis Objectives
The specific objectives, as well as some associated hypotheses, of this work are:
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1. Develop and assess a five degree-of-motion robotic motion simulator capable of
applying clinically relevant joint loads to a human cadaveric knee joint within the
field of view of a micro-CT imaging system
2. Develop and appraise a methodology to minimally-invasively measure regional
ACL strain using tissue-embedded radiopaque beads and CT imaging (at microand intra-operative resolutions)
a. It is hypothesized that both imaging systems tested will demonstrate high
strain measurement resolution, with the micro-CT system providing a
higher resolution than the intra-operative CT system
b. It is hypothesized that cyclic joint loading will not significantly affect
inter-bead strain measurement between sequential joint loads
3. Measure regional in vitro human ACL strain under clinically relevant joint loads
applied with the robotic joint motion simulator using tissue-embedded radiopaque
beads and micro-CT imaging
a. It is hypothesized that the use of tissue-embedded radiopaque beads in the
ACL will provide highly repeatable tissue strain measurements in multiple
regions when repeatedly loaded to clinically relevant joint loads
b. It is hypothesized that the strain will have a homogenous distribution
along the long-axis of the ACL

Thesis Overview
In Chapter 2, the development and assessment of the five degree-of-motion robotic knee
joint motion simulator is outlined. This chapter aims to demonstrate the accuracy and
repeatability of the simulator, as well as show the high-resolution kinematic tracking
possible on the micro-CT imaging system. The accuracy and repeatability were assessed
on both an elastomeric construct with constant material properties, and a human
cadaveric knee joint. In Chapter 3, the methodology for minimally-invasive measurement
of regional ACL strain using tissue-embedded radiopaque beads and CT imaging (with
both micro- and intra-operative resolutions) was outlined. This chapter demonstrated the
accuracy, resolution, and repeatability of the strain measurement using small diameter
zirconium dioxide beads and address the effect of cyclic joint loading on strain
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measurement in biologic tissue. This was implemented in both an elastomeric tissue
phantom and an in vitro porcine cadaveric knee joint model. In Chapter 4, the
measurement of regional strains in in vitro human ACLs under clinically relevant joint
loads was quantified. This chapter aimed to demonstrate the novel measurement of
regional strains in the human ACL using zirconium dioxide radiopaque markers
embedded throughout the tissue while the ACL was loaded to clinically relevant positions
using the five degree-of-freedom knee joint motion simulator. This was implemented in
four human cadaveric ACL specimens. In Chapter 5, the findings from Chapters 2 – 4
were reviewed. Finally, future directions were discussed.
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Chapter 2
Development and Assessment of a Micro-CT
Compatible Five Degree of Freedom Dynamic
Knee Joint Motion Simulator

Introduction
As described in Chapter 1, there are more than 2.5 million knee injuries presented to
emergency departments in the United States annually, making it one of the most
commonly injured joints.1 While the complex internal structure allows the knee to
support a wide range of cyclic, high-magnitude, and multidirectional load paths, 1,2 this
has resulted in complicated surgical treatments to reconstruct after an injury. Failure to
reinstate the original joint-surface contact mechanics and kinematics during surgical
treatment can result in instability, pain,3 and can increase an individual’s risk of
developing osteoarthritis (OA) by three to six times.4,5 A recent appreciation of the high
rate of joint degeneration after surgical treatment5 has highlighted the need to accurately
characterize the effectiveness of various surgical treatments in reinstating the original
joint kinematic profile.
Inherent limitations with current investigational methods compromise their ability to fully
capture the minute variations in joint behavior between the native, injured, and
reconstructed states that may be contributing to suboptimal surgical outcomes. Current
methods to quantify in vitro joint kinetics and kinematics6-11 are highly invasive, do not
account for the joint’s dynamic properties, and cannot simulate clinical loading
conditions. For example, while fully articulated robotic motion simulators can account
for the joint’s dynamic properties in accurate loading conditions, 7,8,12 they require
invasive methods to measure strain in the soft tissues in the joint 11 thus interfering with
A version of this chapter has been submitted for publication in the Journal of Biomechanical Engineering.
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the structure’s natural response. Conversely, minimally-invasive measurements of softtissue forces using robotic simulators8-10 requires sectioning the components to determine
their individual force contributions, and cannot accurately track strains in multiple
structures over complex motion pathways. Furthermore, although isolated soft-tissue
testing is an acceptable method of quantifying tissue properties, 13,14 it does not account
for complex relationships between joint structures, or for the effect of varying loading
protocols on tissue behavior. To accurately characterize the load distribution of an in
vitro knee model, a system should simulate controlled clinical load paths while
simultaneously, and minimally-invasively, quantifying the joint’s kinematic response.
Imaging modalities such as bi-planar fluoroscopy, 15,16 magnetic resonance imaging
(MRI)17,18 and computed tomography (CT),19,20 offer non-invasive, high resolution
methods of visualizing the joint, and have been used previously to track joint kinematics
and tissue strain.21 Micro-CT imaging provides high-resolution images (0.005 to
0.200 mm isotropic voxel resolution) of bone and soft tissues in three dimensions. These
images can distinguish individual trabeculae within the bone structure, and individual
tissue structures when properly acquired. Resolution is an important consideration in the
study of joint kinematics and kinetics because joint motions, especially in healthy joints,
can be subtle, and disruptions in the load distribution often produce only minute changes
in the joint kinematics.22 Previous simulators that used micro-CT based quantification of
joint kinematics and kinetics applied static joint loads 12 and were limited to only small
magnitude load application with often little flexibility in the direction the loads were
applied.23 Existing dynamic motion simulators are costly and have large physical
footprints, which makes them difficult or impossible to incorporate into the micro-CT
environment.
Considering the limitations associated with previous joint simulators, the purpose of the
work presented here was to develop a five degree-of-freedom (DOF) robotic knee motion
simulator that can simulate clinical loads to human cadaveric knee joints in a way that is
compatible with micro-CT imaging protocols. A secondary aim of this research was to
assess the performance of the motion simulator.
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Methods
2.2.1 Motion Simulator Hardware
The simulator was designed to apply joint flexion/extension, internal/external rotation,
varus/valgus rotation, compression/distraction, and anterior/posterior translation to
human cadaveric knee joints. For compatibility with a micro-CT scanner (Locus Ultra,
GE Healthcare, London, ON) (Figure 2.1a), it was composed of two distinct sections: i) a
static, flexion control component (Figure 2.1b); and ii) a dynamic, load-controlled
component (Figure 2.1c).
The static flexion component consists of a rigid iron frame attached, via c-clamps, to the
existing scanner table. Two vertical linear slide rails mount to the frame with
corresponding locking carriages that clamp to a single flexion control rod coupling their
vertical position. The flexion control rod clamps to a flanged steel shaft, which
subsequently connects to the femur specimen holder. To adjust the flexion/extension
angle, the carriages are manually raised or lowered along the linear slides while the steel
frame moves horizontally along the scanner bed to accommodate the flexion arc. The
entire passive flexion/extension assembly remains outside the scanner FOV to avoid
streaking artifacts and this configuration ensures that the joint, and all relevant structures,
is centered within the FOV.
The dynamic, load-controlled component was developed as a four-stage robotic device
(Figure 2.1c) with each stage actuating a mechanically independent motion. The distal
end of the tibia is fixed in a stainless-steel pot with set screws, that in turn fixes to a six
DOF load cell (Advanced Mechanical Technology Inc., Watertown, MA; MC3A-6-250;
load capacities: Fz = 1112 N, Fx, Fy = 556 N, Mz = 14 Nm, Mx, My = 28 Nm). This design
places the load sensing mechanism as close to the knee joint as possible while keeping
the hardware out of the scanner’s FOV. This subassembly connects to the actuating end
of the simulator by a steel load transfer shaft that transfers the internal/external rotation
moments from a servo motor (SM23165D SmartMotor, Moog Animatics, Mountain
View, CA) to the specimen. This rotation mechanism mounts on a linear stage and two
linear rails to apply the compressive load via a second servo motor (SM2337D
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SmartMotor, Moog Animatics) that actuates joint compression. The subassembly that
applies varus/valgus torque to the joint is composed of a large aluminum plate mounted
on four V-groove eccentric rollers (97336-271VLRE1-1/2, Osborn, Richmond, IN)
oriented parallel to the floor. These run along a track formed by a horizontal aluminum
plate with a circular edge profile cut at 90°, thus creating a circular path; this remote
center of rotation creates a pure varus/valgus rotation about the center of the knee. A
servo motor (SM23165D SmartMotor, Moog Animatics) drives an actuator
(KR4620A+640, THK, Schaumburg, IL) to power a slot-and-post mechanism that moves
the carriage along the curved tracks. Finally, the varus/valgus subassembly mounts on the
anterior/posterior translation stage. Here, a servo motor (SM2315D SmartMotor, Moog
Animatics) powers a linear stage that drives a platform constructed from aluminum plates
to apply an anterior/posterior translation to the joint. The linear stage then mounts to an
iron frame and two gas springs connect the anterior translation stage to the support frame
to partially distribute the weight of the previously described components (~ 50.0 kg).
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Figure 2.1: a) A computer model of the knee motion simulator, with a sectioned view of
the micro-CT scanner to show the positioning of the knee joint in the imaging field of
view, b) the femur frame positioned on the micro-CT scanner bed, and c) the tibia frame
positioned behind the scanner.

2.2.2 Simulator Controller Hardware
Control of the system was achieved using two devices: i) an embedded industrial
controller platform (CompactRIO [cRIO], National Instruments Corporation, Austin,
TX); and ii) a laptop. The cRIO can be further subdivided into a real-time processor
(cRIO 9024, National Instruments) and a field programmable gate array (FPGA) (cRIO
9111, National Instruments). The platform hardware interacts with the system sensors
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through hot-swappable input/output (I/O) modules, each dedicated to a system function.
These modules are fully independent and isolated, transmitting data to the cRIO
controller through a four-module chassis (NI 9111, National Instruments). Two load-cell
modules (NI 9237, National Instruments) excite, acquire, and condition the sixindependent load-cell channels. A serial data transfer output module (NI 9870, National
Instruments) transmits velocity commands to the daisy chain of motors to actuate the
system, while a digital I/O module (NI 9403, National Instruments) monitors the dynamic
axes’ motion limits through a system of limit switches.

2.2.3 Simulator Software and Control
The hardware controlling the simulator communicates through three custom programs
(LabVIEW® 2012, National Instruments) across two devices (Figure 2.2). All active
DOFs are controlled through independent feedback control loops to maintain system
flexibility and simplify control. Proportional integral derivative (PID) controllers on each
axis receive real-time user control over the desired load (set point), comparing this value
back to the load detected at the load cell (process variable). The controller then outputs a
value that is scaled to a motor speed command (system output). First, the program on the
embedded controller requests the load cell’s orientation from the motor controlling the
systems internal rotation; this orientation is passed to a program on the FPGA, acquiring
load data in the cell’s frame of reference from all six load cell channels. The forces are
filtered with a bandpass filter and transformed into the simulator’s reference frame using
the load cell’s orientation. These reoriented loads are then transmitted back to the
embedded controller. The user interface, running on the embedded controller, allows the
user to input set points that, along with the current load state in all four active DOFs, are
fed into the PID controllers (PID and Fuzzy Logic Toolkit, National Instruments) running
on the embedded controller. Based on the user’s tuning parameters, the controllers
generate the next states for each DOF.
The program on the embedded controller converts these states to four motor velocities
that are constrained to meet each motor’s torque and speed capabilities. The physical
motion and load limits are checked and the system adjusts each DOF so that the system’s
limitations are not exceeded. The final velocities are sent from the embedded controller
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as ASCII commands through an RS232 serial communication protocol to the motors. All
servo power and control signals are sent as a single command, which is daisy-chained
(CBLSMADD-1M, Moog Animatics, US) to all the motors. The motors respond only to
the commands sent with their unique address, allowing all four motors to receive a new
speed from one serial command. The new load states feed back into the control loops and
the process repeats. Given the high resolution of the micro-CT scanner, a user-defined
“image acquisition mode” command stops all servos, keeping the specimen stationary to
avoid motion artifact while an image was acquired.
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Figure 2.2: The data flow and control loop executed during the knee motion simulator
load-controlled motion.

52

2.2.4 Specimen Preparation
Two structures were used to evaluate the system’s performance: i) a rubber construct
with stable, homogenous material properties; and ii) a human cadaveric specimen with
viscoelastic material properties. The rubber construct was developed by clamping the
ends of a cylindrical, 16 cm long rubber tube (Theraband, The Hygenic Corporation,
Akron OH; 11.3 kg bending resistance) into 17.5 cm sections of 5.0 cm diameter ABS
plastic tubing, with approximately 5.0 cm of rubber exposed between the tubing.
One intact (mid-femur to mid-tibia) fresh-frozen cadaveric specimen (age = 49.0 years;
weight = 98.2 kg; height = 1.9 m) was used for the in vitro testing (Science Care Inc.,
US). The specimen was thawed for approximately 12 – 18 h and was then sectioned to
obtain a femoral and tibial length of 20 cm each, measured from the joint center; all soft
tissues surrounding the joint capsule were left intact. The distal tibia was centered within
a 5.0 cm diameter section of ABS tubing and secured in place with dental cement
(Denstone Dental Cement, Hereaus Holdings GmbH, Hanau, Germany). Once set, the
knee’s flexion/extension axis and center-of-valgus rotation were marked as the line
connecting the femoral condyles and the intersection between the anatomical axes of the
femur and tibia, respectively. The specimen was then inverted and held in extension
while the proximal femur was potted into a section of 7.7 cm diameter ABS. A 10 N
compressive load was applied through the tibia during this process to maintain the knee’s
native mechanical angle.

2.2.5 System Evaluation
A two-phase assessment procedure was used to quantify the simulator’s accuracy and
repeatability. The rubber construct was tested first, isolating the system’s capabilities
from biological tissue variation, followed by testing of the cadaver specimen to show
compatibility with biological tissue. No images were acquired of the construct.
The construct was secured into the femur and tibia bone pots (Figure 2.3a), the static
flexion angle was set to 0°, and a 10 N compressive load was applied. Testing involved
the application of pre-determined, clinically representative loads including: i) 5 Nm
internal rotation; ii) 10 Nm valgus rotation; iii) 300 N compression; and iv) 134 N

53

anterior translation. Once at the load point, the system was left to settle for 30 s, then the
system was put into image acquisition for 16 s. The image acquisition mode was then
turned off and the system was cycled back to the unloaded state. This protocol was
repeated for 5 cycles for each axis independently and was repeated at 30 flexion. To
assess the accuracy and repeatability of a combined load the system was returned to a
flexion angle of 0 and all four degrees of motion were actuated simultaneously to
achieve a final combined loaded state at the previously mentioned loads and the same
protocol was followed.
A similar testing procedure was then applied to the cadaveric knee, except that testing
was performed in the micro-CT. The cadaveric specimen was secured to each frame such
that it was centered within the scanner FOV. When required, the knee flexion angle was
adjusted with a digital inclinometer (Mini Digital Angle Indicator, McMaster-Carr,
Aurora, OH; Error: 0.2). Prior to testing, the joint center location within the scanner was
confirmed using the fluoroscopic positioning tool; adjustments were made as necessary to
position the relevant anatomy directly in the center of the FOV.
Once in position, an initial baseline image was acquired with a 10 N compressive force
applied to the specimen. A range of flexion angle and loading pattern combinations were
then tested, following the same load cycling and motor pausing as with the rubber
construct. The load targets for the cadaveric specimen were: i) 5 Nm internal rotation; ii)
10 Nm valgus rotation; iii) 300 N compression; iv) 134 N anterior force; v) simulated
pivot shift 1: 5 Nm internal rotation, 10 Nm valgus rotation, 300 N compression, and
134 N anterior translation applied simultaneously at 0 flexion; and vi) simulated pivot
shift 2: 5 Nm internal rotation, 10 Nm valgus rotation, 100 N compression, and 100 N
anterior translation at 20° of flexion (Figure 2.4a, b). For conditions i – iv, all other axes
were set to maintain zero load and these were tested at 0°, 20°, and 30° of flexion. It
should be noted that at 30° of flexion, the maximum anterior translation that could be
achieved while keeping the knee within the scanner FOV was limited and therefore this
condition was tested with the knee out of the FOV.
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Figure 2.3: The motion paths of the five motions executed by the motion simulator
including a) flexion/extension on the static control component, and b) dynamic internal
rotation, compression, valgus rotation, and anterior translation on the standalone dynamic
component.
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2.2.6 Image Acquisition
A cone-beam, flat-panel volumetric detector micro-CT system was used (Locus Ultra,
GE Healthcare, London, ON) that has been described previously. 24 The nominal FOV is
15 cm trans-axially by 10 cm axially, and all images were acquired with a 16 second
anatomical protocol at 80 kVp and 50 mA to provide a low-noise image with high tissue
contrast. In post-processing, images were reconstructed using filtered back projection,
corrected for beam hardening, and rescaled into Hounsfield units (HU) using reference
water and air samples. Images were acquired for the combined loaded states, as these
represented the most complex deformation patterns and therefore the most rigorous
evaluation of the system’s capabilities.
Isosurfaces and multi-planar reformatted (MPR) views were generated by thresholding
the image to show a 3D volume of the bone geometry using image processing software
(MicroView, Parallax Innovations, Ilderton, ON). The MPRs were used to visualize the
soft tissue within the knee joint.

2.2.7 Kinematic Tracking
Using the isosurfaces, 14 anatomical landmarks were manually selected to establish a
joint coordinate system using a modified Grood and Suntay method. 25 These landmarks
were chosen based on clearly identifiable, homologous bony points that could be selected
in all specimens. This method calculates joint rotations and translations in a clinically
relevant representation. The 14 points were identified three times for each image, closing
the software between each trial.
2.2.7.1 Defining the Joint Coordinate System
Seven points were selected on the surface of the femur to generate the femur coordinate
system. Within one coronal slice, four points were selected around the perimeter of the
most proximal visible section of the femur diaphysis on the medial, lateral, anterior, and
posterior surfaces. The centroid of these four points was then calculated. Two points on
the most posterior surface of the femoral condyles were also selected. Finally, the most
proximal point within the intercondylar notch was selected. An inferior/superior vector
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was created from the most proximal point in the intercondylar notch to the centroid of the
four points selected on the femur diaphysis. A lateral/medial vector was then created
from the most posterior point on the lateral condyle to the most posterior point on the
medial condyle. These vectors were crossed using the right-hand rule to create a vector
running in the anterior direction. Finally, the posterior/anterior vector was crossed with
the lateral/medial vector using the right-hand rule to complete the femur coordinate
system. The coordinate system origin was the most proximal point in the intercondylar
notch.
Seven points were selected on the surface of the tibia to generate the tibia coordinate
system. Within one coronal slice, four points were selected around the perimeter of the
most distal visible section of the tibia. These points were selected at the most anterior,
posterior, medial and lateral points on the surface. Two points were selected in the center
of the medial and lateral tibial plateaus. Finally, the most superior point of the
intercondylar eminence was selected. An inferior/superior vector was created from the
four points on the tibia diaphysis to the most superior point on the intercondylar
eminence. A lateral/medial vector was then created running from the center of the lateral
to the center of the medial tibial plateau. These vectors were crossed using the right-hand
rule to create a vector running in the anterior direction. Finally, the posterior/anterior
vector was crossed with the lateral/medial vector using the right-hand rule to complete a
tibia coordinate system. The coordinate system origin was the most proximal point on the
intercondylar eminence.
These two bone fixed coordinate systems were used to calculate joint kinematics
following a modified Grood and Suntay method.25

2.2.8 Data Analysis
The load application was characterized by six metrics using a custom LabVIEW ®
program (Figure 2.4c): i) steady state error (the difference between the target load and the
system’s applied load as measured by the multi-axis load cell was averaged over the time
window between settling and the start of the scan); ii) steady state standard deviation (the
standard deviation of the signal between settling and the start of the scan); iii) overshoot
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(the maximum load achieved over the target load); iv) settling time (the time for the
system to settle to within 2% of the target load from the set point change); v) betweencycle coefficient of variation (the coefficient of variation between the five cycles); and
vi) stress relaxation during scan (the percent change in the joint load over the 16 s
between the start and end of the scan for the combined loading protocols). All reported
values, aside from the coefficients of variation, show the metrics averaged over the 5
applied cycles.
For the kinematic data, an arithmetic average was calculated from the three landmark
identification trials for each of the 14 landmarks and this was repeated for all six images
at each load state (one baseline, and 5 loaded images). The average landmark coordinates
were then loaded into a custom LabVIEW® program and the resulting rotations and
translations were quantified. The average of these clinically relevant rotations and
translations was reported. Finally, all the images were qualitatively assessed for motion
and material artifact.
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Figure 2.4: The a) force, and b) moment loads recorded during one multi-axis loading
trial, and c) a breakdown of the important measurements of the internal rotation load
path. The important measures of the internal rotation load path shown here include
settling time, overshoot, and steady state portions of the load response which are metrics
used to evaluate control loops. Finally, the scan time window shows the stress relaxation
the joint demonstrates while the specimen is imaged. For the legend: AT = anterior
translation, C = compression, V = valgus rotation, and IR = internal rotation.
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Results
2.3.1 Load Error and Repeatability
Across all loading trials on the rubber construct, the mean (SD) error between the desired
and applied loads ranged from 0.00 (0.00)% (internal rotation during the simulated pivot
shift loading) to 0.11 (0.03)% (anterior translation during the simulated pivot shift
loading loading) (Table 2.1). The maximum mean (SD) steady-state standard deviation
was 0.77 (0.03)% in the compression direction during the simulated pivot shift,
suggesting that all axes maintained the target force to within 1% of the target. The
maximum mean (SD) overshoot, as a percentage of target load, was 12.08 (0.18)%
(valgus [10 N target] during isolated loading) but all axes settled to the target load within
5000 ms. The coefficient of variation was small across all loading axes and conditions,
with a maximum of 0.04% (isolated valgus rotation).
With respect to the cadaveric specimen, the maximum mean (SD) steady-state error
between the desired and applied loads was 0.16 (0.02)% (isolated compression at 0° of
knee flexion)(Table 2.2); several dynamic control axes maintained steady state errors of
0.00% when a simulated pivot shift load was applied (Table 2.3). An indication of the
simulator’s ability to maintain the target load were the relative small steady state standard
deviations, such that the compressive force in the simulated pivot shift condition with the
knee at 20° of flexion was the most variable at 1.24 (0.14)% (Table 2.3). Although
isolated valgus rotation with the knee in 0 of flexion produced the greatest overshoot
(52.82 [3.14]%), 80% of the conditions had an overshoot less than 20% of the target load.
Most settling times were below 5000 ms (16 / 20 conditions); however, isolated
compression at 30 of knee flexion took a mean (SD) of 11005 (1084) ms to settle to the
target load. When paused for the 16 s anatomical image acquisition there was relatively
little stress relaxation in the load with a maximum mean (SD) 5.05 (0.79)% (
compression during a simulated pivot shift condition) (Table 2.3). The simulator
repeatably applied target loads across the five cycles, for the independent (Table 2.2, and
Figure 2.5) loading condition (maximum CV = 0.15% in compression axis at 20), and
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combined (Table 2.3, and Figure 2.6) loading protocol (maximum CV = 0.04% in
compression axis at 20).

0.00 (0.04)
0.11 (0.03)
0.04 (0.01)

Valgus Rotation

Anterior Force

Compression
0.00 (0.00)
0.01 (0.01)
0.08 (0.03)
0.05 (0.02)

Internal Rotation

Valgus Rotation

Anterior Force

Compression

Simulated Pivot Shift Load Application

0.01 (0.01)

Internal Rotation

0.77 (0.03)

0.36 (0.02)

0.24 (0.03)

0.27 (0.01)

0.34 (0.03)

0.43 (0.02)

0.43 (0.04)

0.30 (0.02)

(%)

(%)

Isolated Axis Load Application

Steady State SD

Steady State Error

variation was calculated between the five trials.

10.63 (0.61)

6.42 (0.14)

9.76 (0.94)

8.14 (1.56)

5.05 (0.07)

5.82 (0.25)

12.08 (0.18)

7.85 (1.64)

(%)

Overshoot

3030 (590)

4315 (231)

3095 (176)

1440 (66)

2315 (67)

4345 (134)

3245 (72)

1530 (71)

(ms)

Settling Time

0.02

0.03

0.01

0.00

0.01

0.03

0.03

0.01

Variation (%)

Coefficient of

state standard deviation, overshoot and settling time have been averaged over the five loading cycles. The coefficient of

30° flexion angle. The steady state error is represented as a percent difference from the set point. Steady state error, steady

Table 2.1: Mean (SD) metrics used to assess the load response of the robotic simulator when loading the rubber construct at a

61

Compression

Anterior Force

Valgus Rotation

Internal Rotation

flexion angles.
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0.09
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(0.01) (0.05) (0.04)
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(0.14) (0.02) (0.03)
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(0.03) (0.09) (0.00)

0.35

20°

SD (%)

(%)
0°

Steady State

Steady State Error

10.85

20°

11.66

30°

5.78

9.95

4.29

3.66

16.00

10.49

(111)

(336) (300)

4733

(41)

1900

(94)

9130 7635 11005

(55)

4690 4655

(49)

4050 1425

(77)

2150

30°

(0.41) (0.48) (1.58) (202) (431) (1084)

16.69

(0.19) (0.28) (0.17)

8.42

20°
5100 1765

0°

(ms)

Settling Time

(3.14) (0.28) (0.29) (146)

52.82

(2.56) (0.42) (0.99)

49.73

0°

(%)

Overshoot

load state. These metrics have been averaged over five repeated load cycles of each isolated joint load repeated at three joint

directional joint loads were applied to the cadaveric specimen, while all other dynamic degrees of motion maintained a zero

Table 2.2: Mean (SD) metrics used to assess the performance of each dynamic degree of motion in the simulator when uni-
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Anterior Force

Valgus Rotation

Internal Rotation

0.01
(0.03)

(0.01)

(0.02)

(0.00)
0.03

0.01
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(0.00)
0.00
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(0.00)

(0.00)
0.00

0.00

0.00
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-

-

-

-
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(0.00) (0.12)
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(0.01) (0.05)

0.21

(0.02) (0.10)

0.31

0°

-

-

-

-

30°

SD (%)

(%)
0°

Steady State

Steady State Error

cycles of the combined, multi-axial joint load.

5.49

20°

3.73

(0.34) (0.20)

15.62 16.51

(0.23) (0.49)

8.36

(0.51) (2.54)

27.41 10.24

(2.34) (0.35)
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0°

(%)
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-

-

-

-
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(576)
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9908 8385

(125) (983)

4533 3800

(26)

2217 1980

(25)

-

-

-

-

20° 30°

2217 1960

0°

(ms)

Settling Time

1.66

20°

1.85

1.84

5.05
(1.11) (0.79)

1.56

(0.17) (0.40)

0.43

(3.16) (0.05)

4.60

(2.01) (0.40)

3.06

0°

(%)

-

-

-

-

30°

Stress Relaxation

multi-axial joint load was applied to the cadaveric specimen. These metrics have been averaged over five repeated joint load

Table 2.3: Mean (SD) metrics used to assess the response of each dynamic degree of motion in the simulator when a combined,
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Figure 2.5: The mean and standard deviations of the steady state loads achieved when
the cadaveric specimen was loaded in a) compression, b) internal rotation, c) valgus
rotation, and d) anterior translation force independently as a function of static flexion
angle, with inter-trial coefficient of variation shown above.
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Figure 2.6: The mean and standard deviations of the steady state loads in the a)
compression, b) internal rotation, c) valgus rotation, and d) anterior translation directions
achieved when the fresh-frozen human cadaver knee specimen was loaded to a combined
multi-axis state as a function of static flexion angle, with inter-trial coefficient of
variation shown above as percentages.
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2.3.2 Imaging Compatibility
The simulator was compatible with the micro-CT scanner system, demonstrating the
system’s high resolution joint kinematic tracking capabilities. Bone to soft-tissue contrast
was approximately 2000 HU, making bone and tissue easy to differentiate. The simulator
held the specimen stationary throughout the 16 s anatomical scan, as indicated by the
absence of motion artifacts (Figure 2.7, and Figure 2.8). Furthermore, none of the images
displayed material artifact (Figure 2.7, and Figure 2.8), confirming that all the simulator’s
components remained outside the FOV. Overall, the micro-CT produced high quality
images, showing relevant joint geometry and displacements (Figure 2.7, and Figure 2.8),
with isotropic spatial resolution of 0.15 mm. MPR views at the selected x-ray energy
show the scanner’s soft-tissue contrast, which is highly valuable information in tracking
soft tissue (Figure 2.8).
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Figure 2.7: Isosurfaces generated from images taken of the cadaver specimen in an
unloaded position [a) coronal view, and b) sagittal view] and at a multi-axis loaded
position [c) coronal view, and d) sagittal view].
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Figure 2.8: Multi-planar reformatted views of the cadaver in an unloaded [a) coronal
view, and c) sagittal view], and multi-axis loaded position [b) coronal view, and d)
sagittal view]. The anterior cruciate ligament is visible in the sagittal views (indicated
with a yellow arrow) and is seen to be undergoing strain from the unloaded to loaded
position.

2.3.3 Kinematic Analysis
The standard deviation in translation measurements were 0.31 mm and 0.86 mm for
compression and anterior translation, respectively. Rotational accuracies were 0.37° and
1.56° for valgus and internal rotation respectively (Table 2.4).
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Table 2.4: Summary of the joint kinematics calculated between micro-CT images
acquired at a baseline condition and a multi-axis loading condition at a 20 flexion angle.
Maximum
Motion

Mean (SD)

Difference

Internal Rotation (°)

13.21 (1.56)

3.88

Valgus (°)

1.03 (0.37)

0.92

Anterior Translation (mm)

2.01 (0.86)

2.12

Compression (mm)

1.26 (0.31)

0.71

Discussion
The purpose of this study was to demonstrate a novel micro-CT compatible, robotic
motion simulator’s potential for non-invasively quantifying cadaveric knee joint
biomechanics. The novel motion simulator applied closed-loop load control to a human
cadaveric knee joint to within 1% of the target loads, while the resulting joint kinematics
calculated from the acquired images agreed with previously published values, 12 on a
system with higher resolution than any other available kinematic tracking systems. No
motion or material artifact was noted in the images.
The design presented here improves on previously presented, and widely used, knee joint
simulators.6-11,26 This was achieved by developing a novel system that is compatible with
a micro-CT imaging system, facilitating direct, non-invasive, 3D measurement of the
joint response to controlled loading. Although other clinical CT 27,28 and bi-planar
fluoroscopy29 methodologies have been used to investigate loaded joint behavior, these
required registration techniques to co-register the motion-tracking-quantified kinematics
to the image-derived geometries, incorporating multiple sources of error. For example,
the in-plane accuracy associated with a 2D-to-3D registration method was 1.31 mm,
increasing to 2.40 mm for out-of-plane motion.29 In addition, errors on the magnitude of
0.25 mm and 1.25 mm were reported in association with fiducial and surfaced based
registration methods, respectively.27 The method presented here requires no additional
registration procedures or external motion-tracking instrumentation, with no propagating
errors related to out-of-plane motion tracking. Furthermore, in addition to leaving the
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joint capsule intact, the micro-CT image systems provide high resolution kinematic
tracking with a 0.15 mm isotropic voxel resolution.
This is an accurate system capable of applying a range of forces and moments at various
knee flexion angles, with load application errors in range of those reported for the high
precision VIVO knee joint simulator (< 1%) (Advanced Mechanical Technology Inc.,
Watertown, MA). These data suggest that the simulator is able to maintain multi-axis
joint loads on human cadaveric joints to within 1% under a multi-axis joint load (Table
2.3). The dynamic joint axis that demonstrated the least deviation from the target load
was internal rotation, with only 0.03% deviation from the target load under all loading
situations (Table 2.2, and Table 2.3). Joint compression demonstrated the largest
deviation from the target load, reaching up to 2.34% deviation from the target load under
isolated compression application (Table 2.2). This can be partially attributed to the fact
that the load cell used in this device has a higher load capacity in the joint compression
direction, which results in a lower signal to noise ratio, causing greater noise in the
measured load. It can also be attributed to the fact that the joint undergoes very little
displacement in the joint compression direction, even when experiencing very high joint
loads. This presents a difficult control situation because small magnitude motor speed
adjustments result in large load variation. The joint motions that are of most interest in
ACL biomechanics are the internal rotation and anterior translation directions. Both these
axes demonstrated highly repeatable joint loading, with little deviation from the desired
load (Table 2.2, and Table 2.3), indicating that this simulator is useful for applying high
resolution joint loads. A close examination of the force-time curves (Figure 2.4) indicates
axis coupling, as evidenced by the response of non-active axes to active axis motion. For
example, compression reaches its target load but experiences a deviation from steadystate in response to both valgus and internal rotation applications (Figure 2.4).
Nevertheless, this deviation quickly (< 10 s) settles and all axes return to, and maintain,
steady-state conditions prior to image acquisition.
The kinematics presented here agree with past studies that have used knee-joint
simulators,12,26 suggesting this is a viable method for tracking joint motions. Repeatable,
homologous bony landmarks were identified in all images and although some human
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error is still associated with these measurements, the accuracy was higher than existing
kinematic tracking systems.15 Furthermore, the simulator could be combined with
radiopaque fiducial beads embedded in the bone or surface registration techniques to
further reduce human error in selecting homologous anatomical landmarks used to track
the solid bodies.
This innovative system will be used to minimally-invasively determine the contribution
of various joint components and reconstruction techniques to three-dimensional
kinematics, as it is capable of accurately applying a range of clinically relevant loading
combinations. For example, the pivot shift, as performed in recent biomechanical
studies,12,30 requires the simultaneous application of a 5 Nm internal rotation moment, a
10 Nm valgus rotation, a 134 N anterior translation, and 10 N compressive force at 0 –
30° of knee flexion, while an 88 N anterior drawer test can also be performed between 0
– 30° of knee flexion.12,26 The additional advantage of the current testing system is the
ability to image the joint and track the bone and soft-tissue components while these tests
are being performed. Although soft tissue has no distinct landmarks to track deformation,
radiopaque micro-beads can be minimally-invasively embedded within the tissue to track
the deformation,21 thus allowing soft tissue strain to be monitored simultaneously with
global joint kinematics in micro-CT images.
Flexible load control makes this simulator useful for validation of high resolution finiteelement models (FEMs). A threshold can be applied to isolate the solid bodies, which can
then be used to create an FEM with specific material properties and appropriate elastic
structures can be modeled to connect them. By recreating loads on the FEM, multi-axis
displacements and rotations seen in the computational model can be compared to
experimental results across multiple time points in the loading protocol to a very high
resolution, facilitating refinement of the FEM, which will further improve the field of
research.
While only static images were presented in this study to demonstrate the simulator
capabilities in a simplified environment, the compatibility of this simulator with
retrospective gated imaging opens many future studies. By syncing dynamic cyclic
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motion of a cadaveric knee to the acquisition frequency of the micro-CT system, a 4dimensional view of the motion can be analyzed.31 This can be used to assess the
dynamic load distribution in the knee joint, and how this changes with various treatments.
This combination of a dynamic motion simulator with non-invasive, high resolution,
dynamic imaging has great potential to further improve our understanding of the causes
of sub-optimal joint treatments and will be pursued in future studies.
Although this novel joint simulator offers an innovative tool to study knee joint
kinematics, limitations persist. The primary limitation is the restricted space within the
micro-CT bore, limiting knee flexion ≤ 30. Although this accommodates a range of
clinically relevant loading scenarios (e.g., pivot shift), it limits the use of the system in
investigating the knee’s full range of motion. However, ongoing work adapting this
system to a clinical resolution CT scanner with a larger bore diameter will allow testing
through the knee’s full range of motion when lower resolution is sufficient. Another
constraint introduced from the scanner’s limited space is that the largest load,
compression, creates a tipping force on the standalone frame. Therefore, although the
compressive force is limited to one body weight (~ 600 N) it can apply the relevant
compressive forces required for the intended testing.
This system has the potential to improve the success rate of knee joint treatments by noninvasively characterizing the motion and strain of the knee joint (and its individual
components) at a higher resolution than was previously possible in cadaveric research.
With this innovative combination of dynamic load control and high-resolution imaging
capabilities, novel information will be produced regarding the knee joint kinetics and
kinematics. Ultimately, this will contribute to our understanding of knee-joint
biomechanics, with the goal of improving joint treatment success rates and reducing the
incidence of post-surgical complications.
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Chapter 3
Assessment of an image-based ligament strain
quantification method using embedded
radiopaque markers

Introduction
Alterations in ligament tissue strain, or line of action, following reconstructive surgery
can greatly affect joint mechanics, causing chronic instability and joint degeneration. 1-5
One possible explanation for the relatively high rates of joint instability and osteoarthritis
after ligament reconstruction surgery is a lack of understanding of the regional tissue
strain distributions, leading to sub-optimal reconstruction procedures. 6-8 In response to
this, a variety of approaches have been developed to characterize ligament tissue
strain,6,9-12 including direct instrumentation of the ligament with a strain transducer (e.g.,
differential variable reluctance transducer [DVRT], Hall Effect strain transducer
[HESTs], and liquid mercury gauge).9,13 While this approach has provided valuable
insight into in vivo and in vitro strain behavior with high strain resolution, it is limited in
its application to the surface of the ligament, and regions of the joint that do not interfere
with other structures.6,9,13 For example, in the ACL, strain transducers are limited to the
inferior third of the ligament to avoid impingement with the PCL and intercondylar
notch.6 Without strain information about other regions of the tissue, a homogenous strain
distribution is assumed along the length and cross-section of the ligament of interest. 6
This presents a potential issue for ACL research, because recent work has demonstrated
regional strain variations across the length14 and cross-section of the ACL.9 Thus a
method of measuring regional tissue strains is required to better investigate regional
strains in ligamentous tissue.

79

To quantify strain in multiple regions of a ligament, previous work has demonstrated the
use of radiographic imaging to track radiopaque markers distributed throughout a
tissue.15,16 Radiostereometric analysis (RSA) was previously applied to quantify in vivo
canine ligament strain,17 as well as human in vivo ACL graft slipping after reconstructive
surgery.16 Additional studies addressing the accuracy of RSA imaging for measuring
tissue strain reported measurement resolution of 0.0075 strain (over a 5 mm inter-bead
distance) which, while covering a considerable range of strain conditions, 18 does not meet
the DVRT gold-standard resolution of 0.0014 strain (over a 5 mm transducer length). 9
Micro-computed tomography (micro-CT) imaging generates higher resolution images
than RSA19,20 and may be capable of achieving a similar, or better, strain measurement
resolution than the DVRT. Micro-CT was recently used to quantify bulk strain in in vitro
human meniscus tissue,21 but has not yet been applied in ligamentous tissue. The use of
radiopaque markers in ligamentous soft tissues such as the ACL with micro-CT imaging
would provide a high resolution, non-invasive, and non-destructive method for
investigating the complicated multi-directional strain distributions of the ligament.
One consideration associated with use of micro-CT imaging in joint biomechanics studies
is a small bore diameter, which limits the range of motion and joints that can be imaged.
For example, the knee joint can reach a maximum of 30° flexion (Chapter 2) before
physically hitting the micro-CT imaging bore, and while this flexion range covers many
clinically important ACL strain conditions, some joint motions occur at a higher flexion
angle. Some lower resolution intra-operative CT systems have a larger diameter imaging
bore, and so could accommodate larger joint motions. Despite a lower spatial resolution,
there is still potential to use these intra-operative CT imaging systems to non-invasively
quantify regional tissue strain. Thus, the application of the method in an intra-operative
CT system must be assessed for studies where the micro-CT bore diameter is a limiting
factor.
This method requires minimally-invasive insertion of radiopaque beads directly into the
tissue without additional fixation, introducing the possibility for bead repositioning
within the tissue. For example, previous studies using RSA imaging to track radiopaque
beads reported bead “migrations” up to 0.219 mm as a result of 50 joint load cycles. 18,19
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However, no studies have investigated if cyclic loading affected strains measured
between sequential joint conditions, which is an important consideration for the typical
implementation of this measurement method in most in vitro studies. Furthermore,
previous studies have only investigated the effects of uni-directional knee joint
extraction, which is not the primary direction that the ACL restrains, and as a result may
create unnatural tissue loads that will potentially exacerbate the repositioning of the beads
in the ligament tissue.
Therefore, the purpose of this study was to demonstrate the use of radiopaque markers
and CT imaging (micro- and intra-operative CT resolution) to measure tissue strain,
including the precision of each imaging system. It was hypothesized that both imaging
systems will demonstrate high precision inter-bead distance measurement, and resultant
strain measurement. A secondary purpose of this work was to quantify the effect of cyclic
loading on sequential strain measurements of biologic ligament tissue. It was
hypothesized that bead positioning within the tissue will be highly repeatable, and bead
repositioning errors will not significantly affect strain measurements with cyclic joint
loading.

Methods
3.2.1 Specimen Preparation
Two different materials were used to demonstrate the use of embedded beads for tissue
strain measurement: a silicone tissue phantom and fresh-frozen porcine ACL specimens.
The silicone phantom was used as a simplified tissue model with constant, homogenous,
and elastic material properties. The porcine specimens were used to address the effects of
cyclic loading on bead repositioning within biologic tissue. Small diameter (0.8 mm)
zirconium dioxide (ZrO2) spherical beads were selected as the radiopaque markers (Gr.
10 ZrO2 Beads, Boca Bearings, US).
3.2.1.1 Tissue Phantom Fabrication
A phantom was cast from silicone using a custom fabricated mold made from polylactic
acid (PLA filament, Dremel, US) through additive manufacturing on a 3D printer (3D20,
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Dremel, US). The mold cavity measured 20  40  10 mm with a pattern of small cups on
the bottom face to hold the desired pattern of radiopaque beads (Figure 3.1). The ZrO 2
beads were arranged in two columns spaced approximately 10 mm apart, with subsequent
bead pairs approximately 3 mm apart. Two holes were placed at either end of the
phantom to accommodate the strain application clamping mechanism. Fast-curing
silicone (Mold Star® 16 FAST, Smooth-On Inc., PA, US) was cast around the pattern,
encasing the beads. Once the silicone had set, the phantom was removed from the mold
with the beads embedded just under the phantom’s surface (Figure 3.1). With the beads
directly cast within the silicone, they did not move within the silicone phantom as a result
of cyclic loading.

Figure 3.1: Mold and silicone tissue phantom with zirconium dioxide (ZrO 2) markers.
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3.2.1.2 Porcine ACL Specimen Preparation
Six, skeletally mature fresh-frozen porcine knee specimens (mean age = 6 years, mass =
270 – 370 kg) were used to demonstrate the effects of cyclic joint loading on bead
repositioning within biological tissue. The fully intact porcine hind-limb knee joints,
sectioned mid-femur and mid-tibia, were acquired from an abattoir within a week of
culling (specimens were frozen within eight hours). The specimens were stored at -20°C
and thawed at room temperature for approximately 18 hours prior to use. Once thawed,
all tissue structures (aside from the ACL) were dissected from the joint, resulting in a
femur-ACL-tibia complex (FATC) (Figure 3.2a). The ACL was immediately sprayed
with a phosphate buffered saline (1× PBS diluted from 10× PBS, BioShop, Canada) and
wrapped in a saline soaked cloth.
Zirconium dioxide beads (n = 14) were implanted in the anteromedial bundle (AMB) of
the ACL in two columns running along the length of the ligament, similar to the phantom
pattern (Figure 3.2c). Beads were inserted with an 18 G needle (PrecisionGlide Needle,
BD, US). The depth of the insertion was controlled by embedding the needle only to the
end of the bevel. The two columns were spaced approximately 3 – 5 mm apart, with
subsequent bead pairs spaced approximately 3 – 5 mm apart. Three fiducial reference
beads were also embedded in the femur and tibial bones and fixed in place with glue
(Original Gorilla Glue, Gorilla Glue, US).
Once beaded, all specimens were prepared in the same way to fit in a five degree-offreedom knee joint motion simulator as described in Chapter 2. The proximal femur and
distal tibia were potted within two 38.1 mm lengths of 58.1 mm inner diameter ABS
piping using dental cement (Denstone Golden Cement, Heraeus Kulzer, Germany). This
procedure resulted in an intact FATC, which can be actuated with the joint motion
simulator. When the specimens were not being tested, they were stored at -20°C. All
specimens underwent no more than four freeze-thaw cycles, which has been shown to
have no effect on tissue stiffness.22
To accommodate the fact that the porcine joint does not reach full extension due to
anatomical differences with humans, all porcine specimens were potted at a small flexion
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angle. Before all surrounding soft tissue was removed, the joint was manually taken to its
maximum extension, and the flexion angle was noted. The proximal femur and distal
tibia diaphyses were then potted at an angle within the ABS pipes, such that the joint was
at approximately its native extension angle when the ABS pipes were collinear. This was
done to fit the specimens into the motion simulator.

Figure 3.2: Isolated femur-anterior cruciate ligament-tibia complex from an a) anterior
view, and posterior view showing b) the intact anterior cruciate ligament, and c) intact
anterior cruciate ligament with implanted radiopaque markers. The purple marker dots
indicate the insertion points where radiopaque beads were embedded.
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3.2.2 Inter-bead Distance Measurement Precision
The minimum inter-bead displacement that can be measured on each imaging system was
determined by repeatedly imaging the unstrained tissue phantom with repositioning, (i.e.,
slightly different positions and orientations within the imaging field of view). The tissue
phantom was used because the inter-bead distances were fixed within the silicone. This
was performed on both the micro-CT and intra-operative CT systems (see below).

3.2.3 Phantom Strain Application Jig
To demonstrate the feasibility and accuracy of strain measurement using embedded
radiopaque markers with the two imaging systems, the phantom was uni-axially strained
to three controlled displacements. A custom-designed jig was used to strain the phantom,
composed of a plastic frame with a micrometer (Micrometer Head Series 150, Mitutoyo,
US) on one end and a digital force gauge on the other (HFG-11 Force Gauge, Transducer
Techniques, US) (Figure 3.3). The phantom was clamped between the two ends with
plastic grips. By displacing one end of the phantom using the micrometer linear slider
while the other was held stationary, the phantom was strained along its long axis to
known values. Five images were first acquired of the phantom to determine the baseline
inter-bead distances, followed by five images at each of three strain states: 0.01, 0.02, and
0.04 strain. Phantom strain was released and reapplied between each trial. This was
performed on both the micro-CT and intra-operative CT imaging systems in order to
determine the fundamental precision of CT-based strain measurements.
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Figure 3.3: Computed tomography (CT) compatible strain jig used to apply controlled
strain to the silicone tissue phantom.

3.2.4 Cyclic Porcine Specimen Loading Protocol
A previously described (Chapter 2) five DOF robotic knee joint motion simulator that is
compatible with CT imaging was used to cyclically load the porcine FATC. Briefly, the
simulator utilized dynamic, closed-loop load control to apply multi-axial joint loads to
the cadaveric porcine knee joints within the FOV of a micro-CT scanner. For the purpose
of this study, the simulator actuated only the anterior force direction, with all other
degrees of freedom immobilized. All testing was performed at a 0 joint flexion angle.
First, the specimen was mounted in the joint motion simulator as previously described.
Pre-conditioning consisted of 25 cycles from 10 N to 100 N of anterior force applied at
0.25 Hz. The simulator was then used to apply a static anterior force of 10 N and 100 N,
and images were acquired at each load to determine baseline inter-bead distances. The
specimen was then cycled at 0.25 Hz from 10 to 100 N and imaged after 5, 10, 30, 50,
and 100 cycles. At each cycled interval time point, the specimen was returned to a static
load of 10 N and 100 N of anterior force, and images were acquired at each load. When
this static joint load was applied, the ligament was left to equilibrate for at least 30 s
before an image was acquired, and up to 3 min was left between loading cycles to reduce
tissue creep. All images were acquired on only the micro-CT scanner, and all loads were
applied without repositioning of the specimen in the motion simulator.
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3.2.5 Imaging Parameters
The strain measurement method was investigated on two different imaging systems: i) a
micro-CT imaging system (Locus Ultra, GE, London, Ontario) and ii) an intra-operative
CT imaging system (O-Arm, Medtronic, London, Ontario). Both scanners are previously
described volumetric cone beam systems with flat panel detectors. 23,24 The micro-CT
system acquired 1000 projections at 0.36 angular increments around the sample in 16 s,
producing a 3D volume with 0.154 mm isotropic voxels. The CT system acquired 745
projections at 0.48 angular increments around the sample in 26 s, producing a 3D
volume with anisotropic voxels measuring 0.207 × 0.207 mm in-plane, and 0.415 mm
out-of-plane. All images were acquired at a standard imaging protocol (80 kVp, 50 mA).
Beam hardening correction was applied in post-processing to the micro-CT images and
metal artifact reduction was applied to the CT images. Finally, all images were rescaled
into Hounsfield Units (HU) using reference water and air samples. The micro-CT system
had a 15 cm diameter in-plane by 10 cm axial field of view, while the CT system had a
20 cm diameter in-plane by 15 cm axial field of view.

3.2.6 Specialized Software Utilities
3.2.6.1 Bead Centroid Calculation
The bead centroid locations were computed from the acquired images using customdeveloped software implemented in C++ and using the open-source library VTK (The
Visualization Toolkit, Kitware Inc., US). First, an isosurface was generated for every
object in the image volume over a user input threshold value (18,000 HU for the microCT, 6,000 for the intra-operative CT). A user input seed point within each marker was
used as a starting point for a marching cubes algorithm to find the isosurfaces of all the
objects to be centroided (Figure 3.4a). The program then created a bounding cube around
the isosurfaces of interest. Finally, the center of the bounding box was calculated as the
object centroid (Figure 3.4b). Thus, the centroid of each marker in the image volume was
calculated using the same threshold and different seed points. The beads were selected in
the same order in all images to allow corresponding inter-bead distances to be calculated
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across loading conditions (Figure 3.4c). This software was used for both the phantom and
porcine testing.

Figure 3.4: The process for calculating strain from acquired images involves a) user
identification of radiopaque markers in the image, b) calculation of the centroid of each
marker using a user input threshold to create an isosurface, then finding the centroid of
the bounding cube, and c) measurement of the inter-bead distances before and after load
application to calculate strain.
3.2.6.2 Strain Calculation
A second custom designed program then used the centroid coordinate files to calculate
the engineering strain between beads (MATLAB R2017a, MathWorks, US). Using the
coordinates of each bead, the Euclidean inter-bead distances were calculated before (d 0)
and after the applied strain (d1). The strain was then calculated from these distances
(Equation 3.1). This was repeated for all bead pairs in both the axial and trans-axial
directions.
Equation 3.1: Equation for calculating engineering strain.
𝜀=

𝑑 −𝑑
𝑑

3.2.6.3 Bead Repositioning Effect on Strain Measurement Quantification
The effect of cyclic joint loading on tissue strain measurement was quantified by
comparing the tissue strain measured between two static joint loads before and after
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intermediate cyclic joint loading. This was calculated using a custom program
(MATLAB R2017a, MathWorks, US) that loaded the coordinate data from both static
joint loads at baseline and each cyclic loading time point (i.e., after 5, 10, 30, 50, and 100
cycles), one specimen at a time. Starting at the baseline condition (after preconditioning), the program calculated the inter-bead strain in the tissue mid-substance
between the static 10 N anterior force, and 100 N anterior force. To avoid including bead
repositioning error from any bead twice, the inter-bead strain was calculated between
alternating bead pairs. This was repeated for each cyclic loading time point, calculating
the alternating inter-bead strain between the two joint loads. Theoretically, the only
variable that has changed in the tissue between time points was the number of joint cycles
it had undergone, and so any difference in the strain measurement can be attributed to
bead repositioning error. Finally, the inter-bead strains from each cyclic loading time
point were compared to the corresponding inter-bead strain from the baseline condition to
determine the effect of cyclic loading on inter-bead strain.

3.2.7 Data Analysis
3.2.7.1 Inter-Bead Distance Measurement Precision
Inter-bead measurement precision for each imaging system was determined from the
variability in repeated imaging of a fixed pattern of beads. First, the inter-bead distances
between subsequent beads in the longitudinal direction were calculated in ten images.
The standard deviation in the corresponding inter-bead distances was calculated, then
averaged to describe the variability in fixed inter-bead distance measurement.
3.2.7.2 Phantom Strain Accuracy and Precision
The accuracy of the strain measurement method was evaluated by applying a known
strain to the silicone phantom and calculating the root-mean-squared error (RMSE)
between the global and measured strains. The inter-bead distance (between subsequent
beads) was calculated before and after the phantom was strained to three different strain
states. The total applied strain was taken as the strain between the two farthest bead pairs
in the phantom. This value was used instead of the displacement applied with the
micrometer slider to eliminate error introduced in the strain application process (i.e.,
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phantom slipping in the plastic clamps, laxity in the jig). The strain values acquired from
all the bead pairs within the mid-substance were then compared to the total strain, and the
RMSE was calculated. This process was repeated between subsequent markers, and
between markers that were farther apart to demonstrate flexibility of the method over
different tissue regions. This was repeated on both the micro-CT and intra-operative CT
systems.
3.2.7.3 Bead Repositioning in Biological Tissue
The effect of cyclic load application on bead positioning was quantified by comparing the
strain measured between two static joint loads before and after a prescribed number of
intermediate joint cycles. A one-way repeated measured ANOVA was performed with
the number of intermediate load cycles as the independent variable, and the mean interbead strain measured between the two static joint loads at each cycled load interval as the
dependent variable (Prism version 7.04, GraphPad, US). An alpha level of 0.05 was
accepted as significant. One specimen that was not imaged after 10 cycles was not
included in the ANOVA.

Results
3.3.1 Inter-Bead Distance Measurement Precision
The inter-bead distance measurement precision was highly repeatable for both imaging
systems (Table 3.1). The micro-CT system was capable of resolving inter-bead distances
nearly four times smaller than the intra-operative CT. The markers appeared spherical in
the micro-CT system, but appeared as oblate spheroids due to the anisotropic voxel size
in the intra-operative CT system, with the long axis of the marker in the out-of-plane
direction.
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Table 3.1: The mean (SD) inter-bead distance measurement resolution for the micro-CT
and intra-operative CT systems.
Inter-bead Displacement Measurement Resolution
Imaging System

Mean (mm)

SD

Micro-CT

0.007

0.002

Intra-operative CT

0.027

0.010

Figure 3.5: Bead pattern fixed in the silicone phantom. Shown are multi-planar
reformatted images with the isosurfaces of the beads overlaid from the a) micro-CT and
c) intra-operative CT systems, as well as maximum intensity projections from the b)
micro-CT, and d) intra-operative CT systems.

3.3.2 Strain Measurement Accuracy
The strains measured from the silicone phantom were highly accurate and repeatable
across five repeated strain application trials measured on both imaging systems. The three
resultant applied strains were 0.008 (0.000) strain, 0.017 (0.000) strain, and 0.035 (0.000)
strain on the micro-CT system, and 0.007 (0.001) strain, 0.015 (0.000) strain, and 0.031
(0.000) strain on the intra-operative CT system. Over repeated trials, the applied phantom
end-to-end displacement in the micro-CT system was repeatable to within 0.009 mm,
0.002 mm, and 0.003 mm for the applied 0.008 strain, 0.019 strain, and 0.035 strain states
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respectively. The applied displacement of the phantom ends in the intra-operative CT
system was repeatable to within 0.016 mm, 0.004 mm, and 0.003 mm for the applied
0.007 strain, 0.015 strain, and 0.031 strain states respectively.
The mean (SD) inter-bead spacing along the long axis of the phantom was 3.02
(0.49) mm, with a total of 20 beads in the mid-substance. This pattern was used to
demonstrate strain measurement over 3.02 (0.49), 6.09 (0.54), and 9.17 (0.48) mm
regions within the mid-substance for the micro-CT system (Table 3.2), and the intraoperative CT system (Table 3.3).
Overall, the micro-CT system demonstrated RMS errors in strain ranging from 0.002
strain for all strains measured over the 9.17 mm inter-bead distance, to 0.007 strain error
when the 0.035 strain was measured over a 3.02 mm inter-bead distance (Table 3.2). This
suggests that the markers accurately represent strain within their medium, with error
tending to decrease as the inter-bead distance increases.
Table 3.2: Root mean square error (RMSE) in strain measurement using embedded
markers in the phantom mid-substance over different inter-bead distances from repeated
images acquired on the micro-CT system.
Inter-bead
Distance (mm)

0.008 strain (strain)

0.017 strain (strain)

0.035 strain (strain)

3.02

0.006

0.004

0.007

6.09

0.003

0.002

0.004

9.17

0.002

0.002

0.002

The intra-operative CT system demonstrated RMS errors in the strain ranging from 0.002
strain for the 0.007 strain measured over the 9.17 mm inter-bead distance, to 0.024 error
when a 0.031 strain was measured over a 3.02 mm inter-bead distance (Table 3.3). This
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suggests that the markers accurately represent strain within their medium, with error
tending to decrease as the inter-bead distance increases
Table 3.3: Root mean square error (RMSE) in strain measurement using embedded
markers in the phantom mid-substance over different inter-bead distances from images
acquired on the intra-operative CT system.
Inter-bead
Distance (mm)

0.007 strain (strain)

0.015 strain (strain)

0.031 strain (strain)

3.02

0.010

0.015

0.024

6.09

0.005

0.008

0.014

9.17

0.002

0.003

0.006
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Figure 3.6: Maximum intensity projections of the silicone phantom at a) no strain, b)
0.008 strain, c) 0.017 strain, and d) 0.035 strain, from images acquired on the micro-CT
system.

3.3.3 Bead Repositioning Within Ligament Tissue
The results from six specimens (n = 6) were included in all cyclic loading conditions,
except one case where one specimen was not imaged after 10 cycles, and as a result the
10-cycle calculation includes the five tested specimens. All images provided sufficient
contrast to identify the markers from the surrounding structures (Figure 3.7).
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Figure 3.7: Maximum intensity projection of a porcine femur-anterior cruciate ligamenttibia complex from a) coronal, and b) sagittal views, acquired on the micro-CT system.
3.3.3.1 Effect of Cyclic Loading on Strain Measurement
Cyclic loading did not significantly affect the strain measured between sequential images,
regardless of the joint loading history (p = 0.363). Within each specimen, inter-bead
strains measured between sequential images was repeatable to within a mean (SD)
standard deviation of 0.0009 (0.0008) strain despite undergoing up to 100 joint loading
cycles between repeated measurements (Figure 3.8). This variability is below the inherent
strain resolution of the micro-CT system (0.0014 strain), meaning that the average
variability introduced from bead repositioning between sequential images within each
specimen is not detectable with this system resolution. Thus, bead repositioning error can
be considered to have no effect on strains measured between sequential joint loads. One
specimen demonstrated larger changes in the measured strain than the rest, with the
majority of the difference in the strain from baseline occurring within the first 10 cycles,
then appearing to stabilize. Aside from this specimen, the majority of the inter-bead
strains varied by less than 0.002 strain (Figure 3.8).
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Figure 3.8: Mean difference in strain measured between sequential images at baseline to
strain measured at the same joint loads after a number of intermediate joint cycles. Six
porcine femur-anterior cruciate ligament-tibia specimens are shown. The dotted lines
denote the strain measurement resolution of the micro-CT imaging system used to
measure these strains (0.0014 strain).

Discussion
The novel combination of radiopaque markers and CT imaging to measure ligament
tissue strain demonstrated promising accuracy and resolution. The micro-CT system was
able to repeatably measure static inter-bead distances to within 0.007 mm, while the
intra-operative system was able to measure to within 0.027 mm. These values translate to
strain resolutions of 0.0014 strain for the micro-CT, and 0.0054 strain for the intraoperative CT (over a 5 mm region). Strain measurements were accurate for the strain
states measured over all inter-bead distances investigated, with the error in the strain
measurement decreasing over larger tissue regions. Finally, bead repositioning error in
biological tissue did not significantly affect inter-bead strain measurement when two
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sequential joint loads were compared with no intermediate joint cycling. This was true
regardless of the previous loading history of the ligament. Overall, these characteristics
make this a promising method for use in future in vitro studies of tissue strain.
Low variability in inter-bead distance measurements (Table 3.1) demonstrate that this
measurement technique is highly precise for stain measurement. These results indicate
that the micro-CT system can repeatedly measure tissue deformation as small as
0.007 mm, and is therefore ideally suited for measuring small magnitude strains, or
strains over small tissue regions. At this resolution, the micro-CT can measure the same
strain resolution as the gold standard (DVRT) over the same region, with the potential to
increase the strain resolution by measuring over larger inter-bead distances. The intraoperative CT system provides greater flexibility for accommodating larger joint motions
due to a larger imaging FOV than the micro-CT, but should only be used if the tissue in
the region of interest is not expected to deform by more than 0.027 mm between
subsequent beads. The use of a repeating pattern of markers (as outlined in this method)
provides flexibility with respect to the length of the regions of interest. For example, if
the displacement produced between subsequent markers in a pattern of beads is smaller
than the inter-bead measuring precision, then the strain can be measured over a larger
region by selecting markers that are farther apart (Table 3.2, Table 3.3). Furthermore, the
micro-CT imaging system has been studied extensively and independently determined to
have a measurement error of 0.08 – 0.1%.20,23 The intra-operative CT imaging system
was also demonstrated to have a 0.1% measurement error for in-plane measurements, and
0.2% error for out-of-plane measurement.24 Overall, both systems provide high accuracy
and strain measurement resolution, with flexibility in the regions where strain is
measured.
Highly repeatable strain measured at repeated static joint loads after intermediate joint
loading indicated that bead repositioning did not significantly affect the strain measured
between two sequential joint loads (Figure 3.8). This is promising for future studies
because it demonstrates that bead repositioning error does not affect strains measured in
implementations of this method in in vitro investigations. These results demonstrate that
the resolution of the strains measured with this technique are equal to the current intact
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tissue strain measurement gold standard (0.0014 strain over a 5 mm region). This
provides the opportunity to measure potentially important fine tissue strain conditions,
with the novel capability to minimally-invasively measure strains at this resolution in
multiple regions of the ligament along its entirety. Furthermore, because the micro-CT
system can measure 3D inter-bead displacements to within 0.007 mm, regardless of the
distances they are measured over, greater strain resolution can be achieved over larger
inter-bead distances. For example, if bone-to-bone strain must be measured, bone fixed
beads could report the strain to a higher strain resolution (e.g., to within 0.0002 strain
over a 35 mm ACL). Micro-CT images capture the entire joint, which allows for the
simultaneous and inherently co-registered investigation of strain in multiple regions
within a single tissue, or across multiple tissues. This provides the novel capability of
characterizing the distribution of loads across multiple structures in the joint. In addition
to capturing tissue strains, the micro-CT captures the bone configuration that, as
demonstrated in Chapter 2, can be used to calculate joint kinematics in high resolution.
At the small magnitude of tissue strain experienced in these tissues during regular clinical
use, and the resolutions demonstrated by this system, the effects of inter-subject
biological variability and intra-subject non-reproducible tissue properties could mask any
real tissue strains observed. Therefore, to fully utilize the high-resolution capabilities of
this system, strain between a standardized baseline and subsequent joint load will be
directly compared. It is not expected that this method will be used in study designs which
compare joint strains between conditions with intermediate joint loading. Overall, the use
of radiopaque markers and micro-CT imaging to measure tissue strain provides novel
opportunities to minimally-invasively investigate regional tissue strain in high resolution.
The finding of negligible bead repositioning error presented here disagree with previous
findings of 0.219 mm bead “migration” along the longitudinal axis after 50 cycles in a
study by Beaulieu et al.18 The main difference in findings stems from the difficulty
distinguishing whether observed bead motion as a result of cyclic joint loading between
time points was due to: i) motion of the bead with respect to the surrounding tissue (bead
migration), or ii) tissue motion due to load induced deformation. The former represents
an error in the measurement technique, whereas the latter would be a valid measurement
of tissue behaviour. The study conducted by Beaulieu et al. did not isolate the two
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sources of bead repositioning. Their methodology involved replacing isolated FATC
specimens within a jig that applied a small load (3 – 4 N) after a prescribed number of
intermediate joint loading cycles. RSA images were then acquired with the specimen in
the jig, and used to compare the position of beads in the mid-substance of the tissue with
respect to a femur coordinate system between time points. The bead positions measured
from method are highly susceptible to bulk repositioning of the specimen within the jig
and load induced ligament repositioning being attributed to the observed “migration”.
This is exemplified by the fact that they reported bead migrations up to 0.219 mm, with
FATC repositioning error between trials up to a mean (SD) 0.197 (0.135) mm in the
longitudinal direction.18 Although it is impossible to isolate how much of their reported
“migration” was due to errors in bulk joint repositioning, it is likely that this was a
contributing factor. Overall, this implementation is not typical of how tissue strain would
be measured using this method, and greatly overestimates migration of beads within the
surrounding tissue. The present method controlled for bulk repositioning of the ligament
by only comparing inter-bead distances and strains measured within each image, rather
than comparing to positions from previous images. It also somewhat accounted for nonreproducible tissue repositioning at each cycled time point (due to factors such as tissue
creep) by comparing the strains measured between two sequential images of the ligament
acquired after the same number of intermediate cyclic loads, which should demonstrate
the same effects of viscoelastic tissue properties. Furthermore, Beaulieu et al. performed
uni-axial tissue cycling in the form of joint distraction, which is not the main direction
that the ACL restrains in the intact joint, and thus could have created unnatural load
distributions in the tissue and exacerbated the observed migration. This study applied
cyclic loading in the anterior translation direction, which is a direction that the ACL has
been demonstrated to primarily constrain6,25 and so creates more clinically accurate load
conditions. Beaulieu et al. investigated the effects of different magnitude loading on
migration,18 whereas this study cycled between the same joint loads for all intervals.
Overall, the present study’s findings of bead “migration” disagrees with previous findings
but is more representative of the typical implementation of the method in an in vitro
study, and thus represents a valid finding.
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Several limitations must be considered for the present study. A small sub-set of makers
were observed to move within the tissue such that they came into physical contact with
another bead, and made it impossible to distinguish the centroids of the two beads. In
total over six specimens (84 beads total), 7% of the beads (6 beads) migrated in this way.
This migration occurred along the long axis of the ligament for all cases. In these
situations, both beads were not included in the calculation of tissue strain reproducibility
because they produced artificially large repositioning errors for both beads. This mirrors
the application of this technique in a pre-clinical study, where beads that are physically
touching cannot be used to calculate tissue strain. Despite the fact that this only occurred
in a small portion of the beads, it could represent the loss of data points, or potentially an
entire region of tissue in a pre-clinical study. This can be addressed in future pre-clinical
studies through the introduction of redundant beads to the tissue in areas of concern. One
specimen demonstrated substantially different increases in inter-bead strain as a result of
cyclic loading (Figure 3.8). The strain greatly increased when the FATC was imaged
after five and ten cycles, then appeared to demonstrate a high repeatability of the
measured strains, similar to the rest of the specimens. It is possible that the ligament was
damaged, and so may have demonstrated failure of some fibers, and resulted in increased
strains. It is also possible that the beads in this specimen migrated with respect to the
surrounding tissue, creating large variation in the inter-bead strains measured. However,
the latter option is less likely due to the fact that the inter-bead strains stabilized after an
initial period of change and did not change by more than 0.007 strain from baseline.
Finally, this study presented the effects of only one cyclic load range in one direction on
bead migration in biologic tissue. While the anterior translation direction is thought to
directly strain the ACL in an anatomically justified way, 6 it may be underestimating the
effects of the complex multi-directional loading configurations that the ACL commonly
experiences.
Overall, the use of embedded radiopaque markers to measure ligament tissue strain using
CT imaging was shown to be highly accurate and repeatable with negligible inter-bead
repositioning error. The results from this investigation demonstrate that the method can
be used to investigate ligament strain minimally-invasively, non-destructively, in
multiple regions of the tissue, and to a high resolution. The application of this method in
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in vitro studies of biological ligaments may contribute to our understanding of regional
tissue strain distribution, and thus help to improve surgical reconstruction outcomes.
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Chapter 4
Novel Quantification of the Regional Strain
Distribution in the Anterior Cruciate Ligament in
Response to Simulated Loading Using Micro-CT
Imaging

Introduction
As I have described in previous chapters, anterior cruciate ligament reconstruction
(ACLR) is a common surgical procedure used to treat a complete tear of the ACL and is
performed over 125,000 times each year in the United States. 1 Despite being a highly
developed and widely studied procedure, up to 10% of cases experience acute failure
within the first two years post-surgery.1,2 While approximately 75% of patients report
satisfactory outcomes after surgery,2 the remaining 25% report persisting instability
which has been highly correlated with alterations in joint kinematics. 3-5 Altered joint
kinematics have been linked to cartilage thinning6 and early onset osteoarthritis,7
resulting in reduced joint function and loss of mobility. These factors result in overall
return to previous activity levels as low as 33% within 12 months 8 and 65% after 10
years.9 One potential factor contributing to sub-optimal surgical outcomes is an
incomplete understanding of the micro-level biomechanics during normal clinical use,
including regional tissue strain variations in the native ACL. 10 The measurement of
regional tissue strain requires high-resolution measurement systems to capture the subtle
variations that can lead to joint degeneration.2,11 Thus, in order to reinstate the knee
joint’s native kinematics, the native (i.e., intact) ACL strain must first be fully
characterized in high resolution under clinically relevant joint loads.
Previous studies that have measured intact ACL strain in high resolution in response to
clinically relevant joint loads have been inherently limited to a single region by the strain
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measurement method.12 The traditional approach has involved instrumenting the ligament
with a high-resolution strain gauge in the form of differential variable reluctance
transducers (DVRTs),10 Hall Effect strain transducers (HESTs),13 or mercury strain
gauges and then applying various joint loads;14 this has been performed both in vivo and
in vitro.10,15 A major limitation of this method is the need for the instrument to sit on the
surface of the ligament, which has the potential to interfere with surrounding structures
during joint motion.10,12 To avoid such impingement, the instrument is restricted to the
lower third of the AMB and operators must assume that this strain is consistent along the
long axis of the ligament.10 While this has provided useful information about the region
of tissue directly instrumented, it may miss potentially important regional inhomogeneities along the length of the ACL.16 Thus, a method for measuring multiple
regions of the ACL in high resolution under clinical loading is required.
Strain resolution is an important consideration when investigating regional variations
within a biological material. For example, the ACL does not typically exceed 0.044 strain
during physiological use, which produces sub-millimeter displacements in sub-regions
along its length.12 In order to capture these sub-millimeter displacements, a high
resolution measurement system is needed. As previously described, the gold standard for
intact tissue strain measurement is currently the DVRT, which can reportedly distinguish
as low as 0.0014 strain across a 5 mm region.10 Recent studies have shown potential for
measuring strain in multiple soft tissue regions by embedding radiopaque beads directly
into a soft tissue structure and using radiographic imaging to minimally-invasively
capture their motion as the tissue deforms under load. This method has previously been
investigated for measurement of in vivo graft slippage,17 and in vitro strain
measurement16 using RSA imaging, however it has not yet been applied to measure intact
tissue strain under clinically relevant joint loads. While RSA is a high resolution imaging
modality, previously shown to distinguish as low as 0.0075 strain, 18 it does not capture
the same strain resolution as the DVRT. Micro-CT systems have demonstrated higher
spatial resolutions than RSA, allowing improved visualization of the joint changes that
can lead to early onset osteoarthritis.19,20 Previous work in Chapter 3 demonstrated the
application of this method with micro-CT imaging, with strain resolution on the order of
0.0014 strain over a 5 mm region of tissue. Thus, micro-CT imaging provides equal strain
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measurement resolution as the current gold standard, with potential to measure multiple
regions of the tissue in a minimally-invasive manner. However, this method has not been
previously utilized to quantify regional strain distributions in the ACL.
Therefore, the purpose of this investigation was twofold: i) to demonstrate the feasibility
of using radiopaque beads to quantify ACL strains in an intact cadaveric knee model in
response to anatomical loading; and ii) to quantify the strain distribution along the length
of the ACL and to determine if differences exists in different regions in both the axial and
trans-axial directions.

Methods
4.2.1 Specimen Preparation
Four fresh-frozen human cadaveric knee joint specimens (Science Care Inc., US) (mean
(SD) age: 59 (9) years, 1 male, 2 right) with no visible damage to the ACL, PCL, or
menisci (inspected arthroscopically before testing) were used for this study in accordance
with tissue use and ethical guidelines (Science Care Agreement Number: MW 030217).
The specimens were kept frozen at -20°C and were thawed for approximately 18 hours
prior to use. All specimens were sectioned at the mid-femur and mid-tibia, keeping the
joint capsule intact while approximately 75 mm of soft tissue was removed to expose the
proximal femur and distal tibia.
The exposed femur was secured into the bone clamp of an arthroscopic extremity holder
(Model 1650 Sawbones®, Pacific Research Laboratories, Inc., US), allowing the tibia to
hang freely with full range of motion (Figure 4.1). A 20 mm arthrotomy was made in the
distal, anterolateral portion of the joint capsule, just superior to the lateral meniscus to
allow for passage of the arthroscope, providing the surgeon with a direct view of the
ACL. A second arthrotomy was made in the distal, anteromedial portion of the joint
capsule, just superior to the medial meniscus that was used for arthroscopic tool insertion.
Excess adipose tissue was removed for better visualization of the ACL.
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Figure 4.1: Femur clamp setup for arthroscopic bead insertion. In this configuration the
proximal femur is secured into a bone clamp so that the knee sits at approximately 90°
flexion with the tibia able to move freely.
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Small diameter (0.8 mm diameter) zirconium dioxide (ZrO2) (Gr. 10 ZrO2 Bead 0.8 mm,
Boca Bearings, US) beads were then arthroscopically implanted into the joint by an
orthopedic fellow from the Fowler Kennedy Sports Medicine Clinic (London, Canada).
The beads were embedded approximately 3 mm deep with an 18-gauge needle
(PrecisionGlide 18 G Needle, BD, US); the depth was controlled by pushing the tip of the
needle in to the top of the bevel. A total of 14 beads were embedded in the anteromedial
bundle (AMB) of the ACL in two axially directed (i.e., along the length of the ACL)
columns spaced approximately 3 – 5 mm apart in the trans-axial (i.e., along the width of
the ACL) direction. The beads were arranged into regions of the AMB as follows (Figure
4.2): i) four beads were embedded in the femoral footprint in a square configuration with
two directly at ligament enthesis spaced approximately 3 – 5 mm trans-axially, and two
spaced approximately 3 – 5 mm inferior along the axis of the ligament; ii) six beads were
embedded in three pairs at the mid-substance; and iii) four beads were embedded in the
tibial footprint, with two at the enthesis and two 3 – 5 mm superior. Finally, a total of six
beads were embedded with a needle into the femur and tibia (three in each) bone
structures for the purpose of creating rigid, bone specific coordinate systems. Once the
beads were embedded, the joint capsule and all skin incisions were sutured closed.
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Figure 4.2: Approximate arrangement of beads in the ACL sub-divided into the femur
insertion, mid-substance, and tibia insertion regions.

110

Once the beads were embedded, the exposed tibia and femur bone segments were potted
into 75 mm and 50 mm diameter sections of ABS tubing, respectively, via dental cement
(Denstone Dental Cement, Hereaus Holdings GmbH, Germany). The tibia was potted
first, such that the tibial plateau was approximately parallel with the table top. Once the
tibia was rigidly fixed within the cement, the femur was potted by inverting the tibia and
allowing the femur to articulate. A small compressive load (10 N) was applied across the
joint, thereby positioning the knee into a physiologically neutral configuration.

4.2.2 Experimental Protocol
The potted specimens were rigidly secured within the micro-CT compatible five degreeof-freedom (DOF) knee joint motion simulator (described in Chapters 2 and 3). Briefly,
the simulator applied closed loop, load control to the cadaveric knee joint while the joint
was centered within the bore of the micro-CT scanner. The specimens were
preconditioned for ten cycles of joint distraction at 0.25 Hz from -90 to 90 N, ten cycles
of internal rotation from 0 to 5 Nm at 0.25 Hz, and ten cycles of anterior load from 0 to
100 N at 0.25 Hz. A baseline (i.e., unloaded) image of the joint was acquired with a 10 N
compressive load applied to seat the femoral condyles within the menisci. The joints were
then loaded to the following force targets while maintaining a 10 N compressive load: i)
5 Nm internal rotation; ii) 100 N anterior translation force; and iii) a simulated pivot shift
that consisted of a combined load of 100 N compression force, 5 Nm internal rotation,
10 Nm valgus rotation, and 100 N anterior translation force. The loads were applied at 0°,
15°, and 30° of knee flexion. A new baseline image (with 10 N compressive force) was
acquired each time the flexion angle was changed. Each of the load conditions was
repeated five times, with an image acquired for each trial.
All images were acquired on a cone beam micro-CT scanner (GE Locus Ultra, London,
Ontario) with a standard anatomical protocol (16 s, 80 kVp, 50 mA, 0.15 mm isotropic
voxels). The images were acquired with a 0.15 mm Cu filter, beam-hardening corrected,
and reconstructed using filtered back projection; all images were rescaled into Hounsfield
units (HU).
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4.2.3 Data Analysis
The centroid locations (in the form of an x, y, z coordinate) of each bead were computed
using custom-developed software described previously (Chapter 3). Briefly, the software
used a user input threshold (in HU) and user input seed points to create a cube around the
surface of each bead. The centroid of the cube was then calculated in the scanner
coordinate system.
After the beads were located, a second, custom designed program (MATLAB R2017b,
MathWorks, US, standard toolkits) was used to calculate the tissue strains as described in
Chapter 3. This program calculated a change in length within the ligament by comparing
the Euclidean distance between adjacent beads before (d0) and after (d1) an applied load.
This change in length, along with the initial distance between the beads, was then used to
calculate tissue strain (Equation 4.1).
𝜀=

𝑑 −𝑑
𝑑

Equation 4.1: Equation to calculate strain
The configuration of the bead placement allowed the strains to be calculated within the
following regions of the ACL: i) the femoral footprint; ii) the superior mid-substance
region; iii) the inferior mid-substance region; iv) the tibia footprint; and v) a global axial
strain calculated over the entire length of the ligament by measuring the strain between
beads embedded in the femur and tibia footprints. The double column configuration also
allowed for trans-axial strains to be measured in each of these regions.

4.2.4 Statistical Analysis
Several statistical tests were performed to assess the repeatability of the measured strains.
Across-trial reliability was calculated using a one-way repeated measures ANOVA with
trial number as the independent variable, and intraclass correlation coefficients (ICCs)
(two-way random, absolute agreement, single measures). The following ICC intervals
were used to define the magnitude of reliability:21 ICC < 0.4 = poor, 0.4 < ICC < 0.59 =
fair, 0.6 < ICC < 0.74 = good, and ICC > 0.74 = excellent. Furthermore, the variability
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introduced from the measurement technique was assessed using the mean intra-specimen
standard deviation across repeated load applications. This was calculated for each
specimen across all load conditions. A second set of one-way repeated measures
ANOVAs were performed to determine the statistical significance of differences in the
strains between the different regions of the ACL. The ANOVAs were performed
independently for the axial and trans-axial strains and post-hoc comparisons were
conducted using a Bonferroni adjustment. All statistics were performed using SPSS
(Version 25, IBM, US) and alpha was set at 0.05 for all tests.

Results
4.3.1 Bead Placement
All images provided sufficient contrast to threshold the radiopaque markers (ZrO 2 >
33,000 HU) from surrounding tissues (e.g., cortical bone = 2,000 – 3,000 HU, soft tissue
= 100 – 300 HU). The entire joint was captured within the imaging FOV for all loads and
flexion angles (Figure 4.3). The insertion procedure produced two columns of beads that
were distributed approximately 3 – 5 mm apart and the different regions were
distinguishable (Figure 4.3).
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Figure 4.3: Maximum Intensity Projections (MIP) of a cadaveric specimen before [a)
coronal view, c) sagittal view], and after [b) coronal view, d) sagittal view] a simulated
pivot shift with loads of 100 N compression, 5 Nm internal rotation, 10 Nm valgus
rotation, and 100 N anterior translation force at 0° flexion. The markers embedded in the
ACL are indicated with a yellow arrow. The patella was digitally removed in postprocessing in these images, for ease of viewing the joint.
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4.3.2 Repeatability
One cadaver was not tested with anterior translation or pivot shift loads at 30° of flexion
due to interference with the scanner bore, and so these cases were reported with the three
specimens completed. No statistically significant effect was found across repeated trials
for axial strains (p > 0.05) except in three regions: i) femur region at 30° flexion, 5 Nm
IR (p = 0.045), ii) inferior mid-substance region at 30° flexion, combined load (p =
0.025) and iii) global strain at 30° flexion, 5 Nm IR (p = 0.032). Post hoc tests of these
cases failed to locate where the differences occurred. No statistically significant effect
was found across repeated trials for trans-axial strains (all p > 0.05) except for four
regions: i) inferior mid-substance region at 0° flexion angle, 5 Nm IR (p = 0.006), ii)
inferior mid-substance under 15° flexion angle, combined load (p = 0.016), iii) the tibia
region at 30° flexion angle, 5 Nm IR (p = 0.037), and iv) inferior mid-substance region
under 30° flexion angle, 100 N AT (p = 0.009). However, the post-hoc tests failed to find
significance for any of these cases. Repeated axial strain measurements had excellent
within-specimen reliability for all cases (Table 4.1). Repeated trans-axial strain
measurements showed excellent reliability in 96% of cases, fair reliability in 2% of the
cases (one case: 15° flexion angle, 5 Nm IR, in the femur region), and a negative ICC
value in the remaining 2% of cases (one case: 30° flexion angle, 100 N AT in the femur
region) (ICC = -0.05) (Table 4.2).
The mean intra-specimen standard deviation across repeated load application was 0.003
strain in the axial direction for all specimens, across all load conditions (Table 4.1). The
largest variability in the strains was at the femur insertion and superior mid-substance
regions (mean SD = 0.004 strain), with the lowest variability in the tibia insertion region
(mean SD = 0.002 strain). The intra-specimen variability was relatively consistent for
each specimen (Table 4.1), with the largest variability observed in the femur insertion
region of specimen 2 (mean SD = 0.009), and the smallest variability observed in the
femur insertion region of specimen 1, the tibia insertion region of specimen 2, and the
tibia insertion region of specimen 4 (mean SD = 0.001).
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Table 4.1: The mean of the standard deviations in the axial strains measured across
repeated trials for each region of the ligament, for each specimen. This represents a mean
of all load conditions tested for each specimen.

Specimen
1
2
3
4

Femur
Insertion
(strain)
0.001
0.009
0.002
0.005

Superior
Mid-Substance
(strain)
0.002
0.007
0.003
0.005

Inferior
Mid-Substance
(strain)
0.003
0.003
0.004
0.002

Tibia
Insertion
(strain)
0.004
0.001
0.002
0.001

The mean intra-specimen standard deviation across repeated load application was
0.006 strain in the trans-axial direction for all specimens, across all load conditions. The
largest variability in the trans-axial strains was at the superior mid-substance (mean SD =
0.008 strain), with the lowest variability in the femur insertion region (mean SD = 0.005
strain). The intra-specimen variability was relatively consistent for each specimen (Table
4.2), with the largest variability observed in the femur insertion region of specimen 2
(mean SD = 0.009), and the smallest variability observed in the tibia insertion region of
specimen 3, femur insertion region of specimen 4, the superior mid-substance region of
specimen 3 (mean SD = 0.001).
Table 4.2: The mean of the standard deviations in the calculated trans-axial strains across
repeated load trials for each region of the ligament. This represents a mean of all load
conditions tested for each specimen.

Specimen
1
2
3
4

Femur
Insertion
(strain)
0.002
0.009
0.004
0.002

Superior
Mid-Substance
(strain)
0.010
0.013
0.009
0.002

Inferior
Mid-Substance
(strain)
0.003
0.010
0.017
0.004

Tibia
Insertion
(strain)
0.004
0.008
0.002
0.009

0.934
0.892

100 N AT

Pivot Shift

0.434
0.981

0.991#

100 N AT

Pivot Shift 0.915#

0.71
0.045*

0.999

Pivot Shift

0.115

0.99

0.999

100 N AT

0.966

5 Nm IR

0.987

5 Nm IR

0.243

0.488

0.233

p value

0.964#

0.799#

0.964

0.99

0.993

0.966

0.969

0.984

0.969

ICC

0.172

0.112

0.171

0.685

0.061

0.459

0.202

0.661

0.488

p value

Mid-Substance

Superior

#

Case with n = 3

AT = Anterior Translation Force

IR = Internal Rotation

* Post-hoc analysis failed to find significant difference

30

15

0.971

5 Nm IR

0

ICC

Condition

(°)

Femur Insertion

Load

Angle

Flexion

region in the AMB.

0.96#

0.999#

0.994

0.998

0.999

0.986

0.998

0.994

0.999

ICC

0.025*

0.981

0.902

0.148

0.888

0.574

0.148

0.762

0.924

p value

Mid-Substance

Inferior

0.974#

0.94#

0.919

0.985

0.835

0.82

0.962

0.948

0.951

ICC

0.555

0.419

0.689

0.438

0.394

0.63

0.359

0.297

0.411

p value

Tibia Insertion

0.999#

0.993#

0.997

1.000

1.000

0.920

0.962

0.973

0.998

ICC

0.106

0.216

0.032*

0.124

0.799

0.448

0.359

0.738

0.968

p value

Global

Table 4.3: ICC and p values calculated for axial strains measured across five repeated trials at each load condition, for each
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0.445
0.583
0.694

-0.05#
0.984#

100 N AT

Pivot Shift

0.541

0.993

0.999

Pivot Shift

0.921

5 Nm IR

0.999

100 N AT

0.438

0.234

0.174

0.711

p value

0.971#

0.999#

0.999

0.989

0.991

0.985

0.993

0.964

0.998

ICC

#

Case with n = 3

AT = Anterior Translation Force

IR = Internal Rotation

0.383

0.417

0.964

0.617

0.055

0.952

0.344

0.905

0.006*

p value

Substance

Superior Mid-

* Post-hoc analysis failed to find significant difference

30

0.524

0.955

Pivot Shift

5 Nm IR

0.984

100 N AT

15

0.996

5 Nm IR

0

ICC

Femur Insertion

Condition

Load

Angle (°)

Flexion

each region in the ACL.

0.987#

0.996#

0.988

0.999

0.999

0.991

0.999

0.964

0.988

ICC

0.183

0.009*

0.882

0.016

0.832

0.985

0.800

0.629

0.553

p value

Substance

Inferior Mid-

0.998#

0.966#

0.981

0.984

0.984

0.994

0.993

0.995

0.969

ICC

0.302

0.951

0.037*

0.978

0.978

0.953

0.089

0.466

0.599

p value

Tibia Insertion

Table 4.4: ICC and p values calculated for trans-axial strains measured across five repeated trials at each load condition, for
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4.3.3 Regional Strain Effects
4.3.3.1 Regional Axial Strain
There was no significant difference in the axial strains between any of the regions when
exposed to a 5 Nm internal rotation load (p > 0.05) at any of the flexion angles. At 0°,
15°, and 30° flexion, the mean (SD) global strain was 0.022 (0.010), 0.027 (0.031), and 0.008 (0.027) strain respectively. At 0° of flexion, the regional strains ranged from 0.011
(0.015) at the superior mid-section, to 0.070 (0.105) at the tibia insertion. The largest
variability was in the tibia region (SD = 0.105 strain). At 15° flexion, the regional strains
ranged from 0.007 (0.014) in the superior mid-substance to 0.078 (0.060) in the femur
region with the largest variability in the femoral region (SD = 0.06). Finally, at 30°
flexion, regional strains ranged from -0.017 (0.031) in the superior mid-substance to
0.055 (0.043) in the femoral insertion. The largest variability was in the inferior midsubstance (SD = 0.077).

Figure 4.4: Axial strains measured in each region under 5 Nm internal rotation load at a)
0°, b) 15°, and c) 30° flexion angle.
No significant differences were found between the regions under a 100 N anterior
translation load (p > 0.05) at any of the flexion angles. At 0°, 15°, and 30° flexion, the
mean (SD) global strain was 0.027 (0.017), 0.046 (0.032), and 0.035 (0.009) strain
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respectively. At 0° of flexion, regional strains ranged from 0.015 (0.029) at the femur
insertion to 0.060 (0.050) at the inferior mid-substance. The largest variability was at the
tibia insertion (SD = 0.067 strain). At 15° flexion, regional strains ranged from 0.020
(0.023) at the tibia insertion to 0.049 (0.042) at the inferior mid-substance. The largest
variability was at the femoral region (SD = 0.061). Finally, at 30° of flexion, regional
strains ranged from -0.077 (0.193) at the inferior mid-substance to 0.023 (0.009) at the
superior mid-substance. The largest variability was at the inferior mid-substance (SD =
0.193).

Figure 4.5: Axial strains measured in each region under 100 N anterior translation load
at a) 0°, b) 15°, and c) 30° flexion angle.
No statistically significant effect was found between the regions under a simulated pivot
shift (all p > 0.05). This was true for all flexion angles. At 0°, 15°, and 30° flexion, the
mean (SD) global strain was 0.045 (0.017), 0.063 (0.048), and 0.043 (0.010) strain
respectively. At 0° flexion, regional strains ranged from 0.066 (0.039) at the inferior midsubstance to 0.053 (0.031) at the femoral insertion. The largest variability was at the
inferior mid-substance (SD = 0.039 strain). At 15° flexion, regional strains ranged from
0.092 (0.118) at the femur insertion to 0.022 (0.022) at the tibia insertion. The largest
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variability was at the femoral region (SD = 0.118). Finally, at 30° flexion, regional strains
ranged from 0.007 (0.193) at the superior mid-substance to 0.066 (0.021) at the femur
insertion. The largest variability was at the superior mid-substance (SD = 0.045).

Figure 4.6: Axial strains measured in each region under a pivot shift of 100 N
compression, 5 Nm internal rotation, 10 Nm valgus rotation, and 100 N anterior
translation load at a) 0°, b) 15°, and c) 30° flexion angle.
4.3.3.2 Regional Trans-Axial Strain
No statistically significant difference in strain was found for trans-axial strains between
the regions under a 5 Nm internal rotation load (all p > 0.05) and was across all flexion
angles. At 0° flexion, regional strains ranged from -0.036 (0.041) at the femur insertion to
0.044 (0.078) at the superior mid-substance. The largest variability was at the superior
mid-substance (SD = 0.078 strain). At 15° flexion, regional strains ranged from -0.056
(0.109) at the tibia insertion to 0.047 (0.184) at the femur insertion. The largest variability
was at the femoral region (SD = 0.184). Finally, at 30° flexion, regional strains ranged
from -0.057 (0.067) at the tibia insertion to 0.073 (0.151) at the superior mid-substance.
The largest variability was at the superior mid-substance (SD = 0.151).
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Figure 4.7: Trans-axial strains measured in each region under 5 Nm internal rotation load
at a) 0°, b) 15°, and c) 30° flexion angle.
No statistically significant difference in strain was found between the regions under a
100 N anterior translation load (p > 0.05). This was true for all flexion angles. At 0°
flexion, regional strains ranged from -0.005 (0.043) at the femoral insertion to 0.143
(0.249) at the inferior mid-substance. The largest variability was at the inferior midsubstance region (SD = 0.249 strain). At 15° flexion, regional strains ranged from -0.041
(0.146) at the inferior mid-substance to 0.045 (0.127) at the superior mid-substance
region. The largest variability was at the inferior mid-substance region (SD = 0.145).
Finally, at 30° flexion, regional strains ranged from -0.045 (0.085) at the inferior midsubstance to 0.095 (0.148) at the superior mid-substance. The largest variability was at
the superior mid-substance (SD = 0.148).
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Figure 4.8: Trans-axial strains measured in each region under 100 N anterior translation
load at a) 0°, b) 15°, and c) 30° flexion angle.
No statistically significant difference in strain was found between the regions with the
joint under a pivot shift (all p > 0.05). This was true for all flexion angles. At 0° flexion,
regional strains ranged from -0.053 (0.039) at the superior mid-substance to 0.067 (0.243)
at the inferior mid-substance. The largest variability was at the inferior mid-substance
(SD = 0.243 strain). At 15° flexion, regional strains ranged from -0.093 (0.208) at the
femur insertion to 0.123 (0.162) at the superior mid-substance. The largest variability was
at the femoral region (SD = 0.208). Finally, at 30° flexion, regional strains ranged from 0.047 (0.048) at the femur insertion to 0.115 (0.105) at the superior mid-substance. The
largest variability was at the tibia insertion (SD = 0.111).
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Figure 4.9: Trans-axial strains measured in each region under a combined 100 N
compression, 5 Nm internal rotation, 10 Nm valgus rotation, and 100 N anterior
translation load at a) 0°, b) 15°, and c) 30° flexion angle.

Discussion
The method presented here demonstrates, for the first time, measurement of regional
ACL strain under clinically relevant joint loads using micro-CT imaging. The strain
measurements demonstrated excellent reliability across the five repeated load
applications, indicating that the method is highly consistent in both strain measurement
and load application. Statistically, no differences in strain were found between the
different regions of the AMB investigated (i.e., the femur insertion, superior mid-section,
inferior mid-section, and tibia insertion) in both the axial and trans-axial directions.
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The use of radiopaque markers and micro-CT imaging to measure tissue strain was
highly repeatable. Low standard deviations in strains across repeated trials for each
specimen indicates that the method is highly consistent, accounting for only 0.003 strain
in the measurement variability on average. This finding was further demonstrated by the
lack of statistically significant differences in the strains measured at a repeated load, and
high ICC values found across the repeated load trials when all specimens were
considered. These findings indicate that the majority of the variation in the strain reported
across the different regions can be attributed to inter-subject (i.e., biologic tissue)
variability as opposed to the measurement technique. This is an important factor in study
design where, for example, different reconstruction techniques are expected to produce
small differences in tissue strain distribution. If tissue strains are not expected to vary a
great deal between conditions, then it is critical to design investigations that take
advantage of the ability to test multiple conditions on one in vitro specimen. If this is not
taken into account, the study may have potentially important minute strain
inhomogeneities masked by inter-subject variability. However, as demonstrated in this
study, this method is highly valuable when repeated measurements are acquired on the
same specimen, being repeatable within 0.003 strain within 5 repeated load applications.
No statistically significant difference was found across repeated trials for any joint load,
which means that a single measurement provides statistically accurate representation of
the strain, which becomes important in large studies where a range of joint conditions are
tested. Additionally, the selected micro-CT imaging system provides a high throughput
(approximately 2.5 minutes/image), which is an important consideration in studies
involving a large number of specimens. Finally, the use of micro-CT imaging to capture
the entire joint capsule allows the simultaneous measurement of both tissue strain and
joint kinematics in high resolution, eliminating the need to register independent kinematic
tracking and strain measurement systems. For example, the error associated with 2D to
3D registration was 1.31 mm for in-plane, and 2.40 mm for out-of-plane motion. 22
Fiducial and surface based registration methods can result in errors on the order of 1.25
and 0.25 mm respectively.23
The current investigation demonstrated a statistically homogenous distribution of strain
throughout the AMB in both the axial and trans-axial directions. This finding provides
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useful information about the validity of previous strain transducer studies because it
indicates that the strains measured at one region in the tissue can be statistically
generalized along the long axis of the ligament for the loads tested. The results presented
here agree with a previous study by Butler et al. that demonstrated no statistically
significant variation in strain distribution along the long axis of the ACL. 16 In their study,
they dissected a human AMB into five separate fiber bundles through its cross-section
with the native femur and tibia footprints kept intact for all bundles. Fine sutures were
used to discretize each bundle into regions along its longitudinal axis, and the motion of
the sutures was tracked in response to bone-to-bone displacements using an optical
tracking camera. Although it was not statistically significant, they showed a symmetric
strain distribution along the longitudinal axis (i.e., from femur insertion to tibia insertion)
of each subunit, with the two footprints demonstrating non-significantly greater strain
(approximately 0.0025 to 0.01 strain) compared to the mid-substance. 16 This relationship
was not reliably observed in the present study. A similar trend of higher strains in the
footprints was observed when the joint was at 15° flexion under a 5 Nm internal rotation
load (Figure 4.4) with non-significant difference between the footprints and midsubstance (approximately 0.02 to 0.07 strain); these differences did not occur in other
load conditions. One potential source of this disagreement is a difference in methodology.
First, Butler et al. performed destructive ligament dissection to obtain five sub-units of
the ACL, which may have compromised the tissue properties. Each bundle then
underwent uni-directional tensile loading along its longitudinal axis, which may not have
been properly aligned with the native tissue loading orientation. Removing the ACL from
its native mechanical environment (i.e., native loading direction, surrounding structures)
could impact its loading orientation, which impacts its properties. 24 A similar observation
was made in a study by Hirokawa et al.,25 who proposed that increased tension at the
insertions was a symptom of the unnatural insertion configuration experienced when the
ligament undergoes uni-axial tension as opposed to a true inhomogeneity. 25 Finally, the
study was conducted with sub-units from only one cadaveric specimen, which limits its
generalizability to other specimens. This differs drastically from the approach presented
in the current study, where the native ACL and surrounding joint structures were kept
fully intact, and the ligament was strained in more clinically and physiologically accurate
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directions through actuation of the femur and tibia. For example, Butler et al. presented
only uniaxial tissue elongation strain, while the present study investigated multiple joint
flexion angles and joint loading conditions. Finally, the present study reports the results
from four specimens, thus accounting for a range of biological tissue variability.
The strains measured from this methodology agreed with previously reported values. 14
Previous work by Berns et al.14 instrumented in vitro human AMBs (n = 13) with liquid
mercury strain gauges and applied a range of passive joint motions. For example, Berns
et al. found a mean (SD) strain of 0.037 (0.018) strain under a pure 100 N anterior load at
a 30° flexion, which agrees with the current method which found a mean (SD) strain of
0.035 (0.010) under the same load and flexion angle (Figure 4.5). Berns et al. also
demonstrated a mean (SD) strain of 0.049 (0.014) under a combined load of 100 N
anterior load and 20 Nm of valgus torque,14 which is similar to the current study’s finding
of 0.043 (0.010) under a pivot shift of 100 N anterior load and 20 Nm of valgus torque, 14
which is similar to the current study’s finding of 0.043 (0.010) under a combined load of
100 N anterior translation force, 100 N compression force, 10 Nm valgus rotation, and
5 Nm internal rotation (Figure 4.6). Different strain responses were found under a 5 Nm
internal rotation load at 30° flexion between the two methods, with Berns et al. finding a
mean (SD) strain of 0.014 (0.012),14 and the current study finding a mean (SD) strain of
-0.008 (0.027). Different strain responses were found under a 5 Nm internal rotation load
at 30° flexion between the two methods, with Berns et al. finding a mean (SD) strain of
0.014 (0.012),14 and the current study finding a mean (SD) strain of -0.008 (0.027). The
majority of the standard deviation in this measurement was from one specimen, with the
remaining specimens undergoing a mean (SD) -0.021 (0.009) strain. One possible
explanation for this difference is that Berns et al. used a high stiffness sheath around the
strain gauge to prevent impingement of the gauge against surrounding structures in the
joint and observed that the sheath itself may have impinged with the joint during this
motion. This could have created abnormal ligament geometry and resulted in incorrect
strain measurement.14 Thus, it is unknown if the different strains measured between the
two methods represents a true difference in measured strain, or indicates a limitation of
the strain gauge approach. Furthermore, the variability in the strain measurements
between specimens found with the current method was comparable to the variability
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found by Berns et al. This indicates that despite the small sample size in the current study
(n = 4 vs n = 13 by Berns et al.), the variability in the strains is not expected to decrease
in a larger population.
An interesting finding from this work was a compressive strain demonstrated at a 30
flexion angle when the joint was subjected to pure internal rotation and anterior loads
(Figure 4.4, Figure 4.5). These include compression through multiple regions in the
AMB, including the superior mid-substance, tibia insertion, and global strain
measurements. In a recent study by Hirokawa et al.,25 regional strain inhomogeneities
were investigated using photoelastic coating to detect fringes in the tissue which indicate
strain. Using this method, regional compressive strain at the tibial insertion was observed,
with a corresponding tension in the femoral insertion, in the anteromedial portion of the
ligament at low joint flexion angles. They proposed that this was a result of the ligament
having no compressive strength, and so will collapse or fold over itself when the ligament
is unloaded, which occurs at certain flexion angles. While this study did not investigate
the strains under joint loads, its findings partially explain the compressive strain found in
this study. The switch to tensile strains at the pivot shift condition could be explained by
the fact that the pivot shift exam is highly specific to the ACL, meaning that it is designed
to directly strain the ACL. Thus, the ligament is under greater tension at this condition
than pure internal rotation or pure anterior translation.
There are some limitations that exist with the present study. First, the present study
instrumented only the anteromedial surface of the AMB and assumed constant material
properties through the cross-section of the AMB, which may be inaccurate according to a
recent study by Skelley et al. that demonstrated significant variations in tissue strength
and stiffness across bundles in the cross-section of the AMB. 26 This study by Skelley et
al. was conducted with uniaxial testing using soft tissue clamps which have been
previously shown to cause premature failure and incorrect measurement of tissue
properties,12 and so may not be entirely representative of intact tissue properties. The
assumption of constant strain across the cross-section of the AMB should be further
investigated in a non-destructive way and could be an area of future study with the
present method. Another limitation of this study was the difficulty of reproducibly
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placing the radiopaque markers in the same anatomical positions in different specimens.
The surgeon implanting the markers visualized the anterior surface of the ligament with
an arthroscope inserted into the arthrotomy located on the anterior surface of the joint.
While this was the optimal view to insert the majority of the markers, the femoral
insertion was difficult to view from this angle, and as a result some of these markers were
inserted without direct line of sight. It is possible that this is a major source of the
variation in strains measured in the same regions across specimens. Further development
of the method will involve methods to reproducibly place the markers, perhaps using
repeatable anatomical landmarks. Finally, the method presented here is limited to
investigating joint flexion angles from 0 – 30° due to limited physical space within the
micro-CT scanner FOV. Despite this limitation, many clinically important joint activities
and clinically important assessments (i.e., the pivot shift, the Lachman test) occur in this
flexion range.27,28 Overall, the use of embedded radiopaque markers, micro-CT imaging,
and a micro-CT compatible robotic knee joint motion simulator provides a novel and
highly reliable method for minimally-invasively measuring regional ligament strain at
clinically relevant loading conditions. The combination of this minimally-invasive strain
measurement technique at joint loads that are seen during regular joint use provides the
opportunity to fully characterize intact ACL strain across various regions in the tissue at
valid strain magnitudes, or to investigate the regional properties of novel and existing
graft tissues designed to replace the ACL in reconstruction surgery.
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Chapter 5
Conclusions and Future Directions

Summary of Results
Anterior cruciate ligament reconstruction is a common treatment of a ruptured anterior
cruciate ligament (ACL), with over 125,000 reconstructions performed every year in the
United States.1 Despite being a widely studied procedure, a 10 – 14% acute failure rate
persists, and a large portion of cases that do not fail acutely experience altered joint
kinematics.2-7_ENREF_6_2 Altered kinematics lead to sub-optimal treatment outcomes,
such as a low rate of return to previous activity levels 8,9 and a high rate of degenerative
joint disease.10 Sub-optimal outcomes can be partially attributed to an incomplete
understanding the fine joint kinematics and soft tissue mechanics that occur during
clinically relevant joint loading. Micro-computed tomography (micro-CT) imaging
provides high-resolution, non-invasive, and non-destructive images of the entire knee
joint capsule, and may be able to provide new insight into joint kinematics and regional
ACL strains. This thesis outlined the development and assessment of a system that
combined dynamic knee joint motion simulation, tissue-embedded radiopaque beads, and
micro-CT imaging to simultaneously measure high resolution joint kinematics and
regional ACL tissue strain under clinically relevant joint loads.
First, it was necessary to design and assess a dynamic knee joint motion simulator that
was compatible with micro-CT imaging, as outlined in Chapter 2. This was accomplished
using a robotic simulator that was custom designed to control multiple clinically relevant
knee joint motions within the micro-CT FOV. The simulator was designed to actuate five
relevant degrees-of-motion; one that was statically maintained during load application
and manually adjusted as needed, and four dynamically actuated. Joint flexion was
designed to be manually adjustable through a range from full extension to 90 flexion,
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then fixed at the desired angle in a custom jig. The flexion range was physically limited
from full extension to 30 when used with micro-CT system due to the limited imaging
bore diameter, however this range of motion represents many clinically relevant joint
motions. The dynamically actuated degrees-of-motion include joint compression up to
600 N, internal and external rotation up to 14 Nm, varus and valgus rotation up to 15 Nm,
and anterior translation force up to 150 N. All dynamic degrees-of-motion were
controlled through closed-loop load control, with feedback from a single six DOF load
transducer. The simulator was assessed on both an elastic construct and a human
cadaveric specimen and demonstrated within 1% error between the desired and measured
joint loads in all dynamically controlled directions tested for both mediums. This
simulator provides the ability to apply multi-directional clinically relevant joint loads to
an in vitro human knee within the FOV of a micro-CT scanner.
In order to measure ACL tissue strain, the accuracy and repeatability of embedding
radiopaque markers in ligamentous soft tissue was assessed in Chapter 3. Small diameter
(0.8 mm) radiopaque marker beads (zirconium dioxide) were embedded in a tissue
phantom with constant elastomeric material properties to assess the accuracy of
measuring applied inter-bead strain on both a micro-CT and an intra-operative CT
imaging system. The effect of cycled joint loading on inter-bead strain measurement was
also assessed in fresh-frozen porcine ACL specimens. The minimum detectable interbead displacement was determined to be 0.007 mm on the micro-CT system, and
0.027 mm on the intra-operative CT system. Strain measured from the embedded beads
distributed throughout the tissue phantom demonstrated low root-mean-squared error
over multiple region lengths, with error tending to decrease when strain was measured
over larger inter-bead distances. Cyclic joint loading had no significant effect on interbead strains measured between sequential images, indicating that load induced bead
repositioning error will not impact the accuracy of strains measured in future
implementations of this method in in vitro studies. Therefore, tissue-embedded
radiopaque markers can be used to minimally-invasively measure regional strain in
ligament tissue to high resolution, with the novel opportunity to measure regional strain
along the entire ligament.
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Finally, in Chapter 4, regional ACL tissue strain under clinically relevant joint loads was
quantified by embedding radiopaque beads in cadaveric human knee joints, then
actuating them with the robotic motion simulator. Four intact human cadaveric knee
joints were instrumented with radiopaque markers along the entire long axis of the
ligament as outlined in Chapter 3. The robotic joint motion simulator was then used to
apply clinically relevant joint loads, and micro-CT images were acquired at each loaded
state. Repeated joint loading produced repeatable tissue strains under multiple joint load
conditions and multiple joint flexion angles. While no statistically significant strain
variation was found across the regions of the tissue (p > 0.05 for all conditions) nonuniform strain patterns were demonstrated that are possibly of clinical importance.
Strains measured from this study agreed with previously published strains measured
through other methods at similar joint loads. Thus, the use of radiopaque markers and
micro-CT reliably measured regional strains in an intact ACL under clinically relevant
joint loads.

Future Directions
The demonstration of the minimally-invasive and highly accurate strain measurement
system using radiopaque markers in combination with clinically relevant joint loading
enables a great deal of impactful future studies.

5.2.1 Strain in Multiple Soft Tissue Structures
Micro-CT images capture the entire joint capsule with each image, creating the potential
to investigate inherently co-registered interaction between multiple load bearing tissue
structures under a range of joint loads. The minimally-invasive nature of the presented
measurement technique facilitates the instrumentation of fine structures that could not be
otherwise investigated. For example, there is currently a great deal of interest in the
anterolateral ligament (ALL), a structure on the lateral surface of the knee capsule
thought to help in rotational stability of the knee.11 With the use of radiopaque markers as
outlined in Chapter 4, strain in the structure can be investigated under a range of joint
motions alone, or compared with the inherently co-registered strain in other structures in
the joint. This has already been implemented on the current system to investigate the
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ALL and several other lateral soft tissue structures. Thus, it is possible to expand the
method presented in Chapter 4 to investigate the interaction of multiple load bearing
structures in the knee during clinically joint motion. This would provide a great deal of
useful information in understanding the complex kinematics of the knee.

5.2.2 Pre-Clinical Comparison of ACL Reconstruction Methods
One benefit of in vitro testing is the ability to collect baseline intact joint kinematics and
tissue strains to compare against those observed after different reconstructive techniques.
As demonstrated in Chapter 2, micro-CT images of the knee joint can be used to calculate
joint kinematics in high resolution by comparing the subchondral bone position before
and after load application. In Chapter 4, radiopaque markers embedded in the ligament
facilitated repeatable strain quantification across multiple joint loads. By combining these
techniques, the intact tissue properties and associated joint kinematics can be quantified
simultaneously. This would be useful in study designs investigating if joint stability is
regained after reconstruction, and what effects the procedure has on surrounding tissue
structures. Alterations in joint kinematics or tissue strain distribution from the procedure
can thus be identified and the effectiveness of the surgical technique can be assessed.

5.2.3 Strain at Higher Knee Joint Flexion Angles
In Chapter 4, regional strains in the ACL were quantified under various joint loads at
flexion angles up to 30. While this includes a wide range of clinically important joint
motions, there is potential to implement the system at higher flexion angles to investigate
different joint motions.12,13 The factor limiting the flexion angle was the micro-CT
environment, which physically prevented the knee from flexing further. However, the
simulator was designed to be compatible with an intra-operative CT system which
features a larger imaging bore. This would accommodate higher flexion angles, therefore
there is potential to investigate the strain in a knee at larger flexion angles at the expense
of lower resolution strain measurements.
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5.2.4 Application in Other Joints
The joint motion simulator described in Chapter 2 was designed to be flexible in the
combination of loads applied within the limits of its four dynamic motions. The use of
this system with other joints is dependent on the ability to align the relevant joint
rotations and translations with the motions applied by the motion simulator. Another
consideration for application of this technique in other joints is the limited physical space
in the micro-CT imaging bore. While some joints can likely be fully actuated within this
space, those requiring greater range of motion will have to be executed on the intraoperative CT system. For example, this methodology was implemented with human
cadaveric hip joints in and the intra-operative CT imaging system. In this study,
radiopaque markers were embedded in the joint capsule surrounding the hip joint and
compressive loads were applied in combination with internal/external rotation moments.
The flexibility of the robotic motion directions provides the capability to quantify strain
in multiple structures within multiple joints.

5.2.5 Dynamic Strain Behaviour
The micro-CT imaging system used in this study has previously been adapted to execute
dynamic micro-CT imaging, where 4D images of a cyclic joint motion can be captured. 14
The dynamic capabilities of the motion simulator makes this system an excellent
candidate for assessing 4D joint motion in high resolution. By applying cyclic joint
motions at a fixed frequency that is slightly offset from the imaging frequency, multiple
points within a cyclic motion can be captured and reconstructed into a complete motion
path. This technique would provide a great deal of information about the dynamic
response of the ligament minimally-invasively and in high resolution.

Summary
Overall, this thesis outlined the development of a system for minimally-invasive
measurement of joint kinematics and regional soft tissue strain under clinically relevant
joint loads, and in equal or higher resolution than currently available strain or kinematic
measurement systems. This was accomplished by first developing a robotic knee joint
motion simulator to apply clinically relevant joint loads to in vitro specimens, then
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assessing the accuracy of embedded radiopaque markers for measuring soft tissue strain
with micro-CT imaging. Finally, these systems were combined to quantify intact
ligament strain in response to clinically relevant loading. As the gold standard in imaging
the musculoskeletal system, the micro-CT provides the highest possible resolution for
measuring joint kinematics. This combination of micro-CT imaging and robotic joint
motion simulation provides numerous advantages which makes it a useful and innovative
tool for investigating potentially important sub-millimeter joint kinematics and regional
tissue strains essential to our understanding of knee joint biomechanics.
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Appendix A: Additional information about strains measured in Chapter 4
Mean and standard deviation of strains measured in the femur insertion region of the AMB for five repeated load trials (n = 4).
Flexion
Angle (°)
Axial
0

Load

Trial 1
Mean
SD

Trial 2
Mean
SD

5 Nm IR 0.028 0.023
0.032 0.026
100 N AT 0.015 0.030
0.012 0.036
Pivot Shift 0.042 0.031
0.052 0.029
15
5 Nm IR 0.080 0.067
0.076 0.057
100 N AT 0.050 0.061
0.049 0.061
Pivot Shift 0.093 0.117
0.093 0.121
30
5 Nm IR 0.050 0.041
0.054 0.043
100 N AT 0.018 0.028
0.016 0.031
Pivot Shift 0.064 0.015
0.067 0.020
Trans-Axial
0
5 Nm IR -0.035 0.038
-0.036 0.040
100 N AT -0.003 0.044
-0.003 0.040
Pivot Shift -0.047 0.032
-0.051 0.036
15
5 Nm IR -0.098 0.115
0.083 0.256
100 N AT -0.024 0.103
-0.024 0.101
Pivot Shift -0.092 0.208
-0.092 0.207
30
5 Nm IR -0.028 0.066
-0.025 0.077
100 N AT 0.008 0.011
0.011 0.002
Pivot Shift -0.043 0.042
-0.045 0.043
IR = Internal Rotation, AT = Anterior Translation Force

Trial 3
Mean
SD

Trial 4
Mean
SD

Trial 5
Mean
SD

0.034
0.012
0.056
0.078
0.047
0.092
0.056
0.015
0.068

0.029
0.034
0.032
0.058
0.062
0.118
0.043
0.032
0.023

0.035
0.018
0.056
0.079
0.048
0.090
0.058
0.014
0.067

0.031
0.026
0.034
0.060
0.062
0.116
0.044
0.034
0.026

0.035
0.021
0.058
0.080
0.048
0.091
0.058
0.013
0.066

0.033
0.022
0.034
0.061
0.062
0.116
0.044
0.035
0.027

-0.037
-0.004
-0.054
0.084
-0.025
-0.092
-0.023
0.013
-0.049

0.042
0.043
0.037
0.255
0.100
0.202
0.079
0.004
0.051

-0.038
-0.008
-0.055
0.084
-0.025
-0.095
-0.021
0.015
-0.048

0.042
0.045
0.042
0.255
0.098
0.211
0.078
0.006
0.052

-0.036
-0.011
-0.060
0.086
-0.023
-0.097
-0.020
0.016
-0.050

0.042
0.048
0.046
0.254
0.097
0.214
0.077
0.006
0.055
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Mean and standard deviation of strains measured in the superior mid-substance region of the AMB for five repeated load trials (n = 4).
Flexion
Angle (°)
Axial
0

Load

Trial 1
Mean
SD

Trial 2
Mean
SD

5 Nm IR 0.029 0.027
0.029 0.029
100 N AT 0.059 0.046
0.059 0.048
Pivot Shift 0.065 0.038
0.065 0.040
15
5 Nm IR 0.006 0.022
0.007 0.022
100 N AT 0.049 0.041
0.049 0.042
Pivot Shift 0.051 0.036
0.051 0.038
30
5 Nm IR 0.025 0.087
0.024 0.081
100 N AT -0.079 0.206
-0.079 0.197
Pivot Shift 0.052 0.034
0.056 0.031
Trans-Axial
-0.003 0.044
0
5 Nm IR -0.002 0.038
0.108
0.170
0.144 0.240
100 N AT
0.068 0.238
Pivot Shift 0.071 0.233
-0.013 0.091
15
5 Nm IR -0.015 0.087
-0.041 0.145
100 N AT -0.038 0.142
-0.013
0.125
-0.017 0.127
Pivot Shift
0.005 0.052
30
5 Nm IR 0.006 0.046
-0.045 0.086
100 N AT -0.038 0.082
0.050 0.092
Pivot Shift 0.056 0.083
IR = Internal Rotation, AT = Anterior Translation Force

Trial 3
Mean
SD

Trial 4
Mean
SD

Trial 5
Mean
SD

0.034
0.012
0.056
0.078
0.047
0.092
0.056
0.015
0.068

0.029
0.034
0.032
0.058
0.062
0.118
0.043
0.032
0.023

0.029
0.062
0.067
0.009
0.049
0.052
0.022
-0.076
0.064

0.028
0.054
0.040
0.022
0.043
0.038
0.074
0.186
0.028

0.029
0.061
0.068
0.009
0.049
0.051
0.021
-0.076
0.065

0.029
0.054
0.041
0.021
0.043
0.038
0.073
0.185
0.028

0.000
0.155
0.065
-0.014
-0.041
-0.019
0.006
-0.045
0.043

0.048
0.263
0.243
0.092
0.147
0.129
0.052
0.085
0.096

0.002
0.156
0.065
-0.016
-0.041
-0.021
0.009
-0.047
0.040

0.049
0.281
0.251
0.092
0.148
0.130
0.055
0.087
0.099

0.002
0.154
0.065
-0.016
-0.042
-0.023
0.009
-0.051
0.037

0.050
0.296
0.251
0.094
0.147
0.131
0.050
0.086
0.103
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Mean and standard deviation of strains measured in the inferior mid-substance region of the AMB for five repeated load trials (n = 4).
Flexion
Angle (°)
Axial
0

Load

Trial 1
Mean
SD

Trial 2
Mean
SD

5 Nm IR 0.086 0.137
0.075 0.113
100 N AT 0.055 0.091
0.046 0.074
Pivot Shift 0.044 0.039
0.040 0.033
0.037
0.041
15
5 Nm IR
0.032 0.027
100 N AT 0.027 0.030
0.024 0.025
Pivot Shift 0.023 0.021
0.022 0.022
30
5 Nm IR -0.002 0.019
0.000 0.022
0.016
0.020
100 N AT
0.009 0.030
Pivot Shift 0.033 0.027
0.038 0.025
Trans-Axial
0
5 Nm IR 0.002 0.034
-0.003 0.046
0.002
0.082
100 N AT
0.002 0.077
Pivot Shift 0.003 0.084
0.000 0.084
15
5 Nm IR -0.057 0.100
-0.056 0.107
100 N AT -0.008 0.082
-0.006 0.071
-0.011
0.080
Pivot Shift
-0.007 0.080
30
5 Nm IR -0.067 0.070
-0.063 0.072
100 N AT 0.022 0.099
0.024 0.074
Pivot Shift 0.012 0.114
0.008 0.113
IR = Internal Rotation, AT = Anterior Translation Force

Trial 3
Mean
SD

Trial 4
Mean
SD

Trial 5
Mean
SD

0.034
0.012
0.056
0.078
0.047
0.092
0.056
0.015
0.068

0.029
0.034
0.032
0.058
0.062
0.118
0.043
0.032
0.023

0.064
0.035
0.034
0.029
0.016
0.022
-0.003
0.011
0.037

0.094
0.058
0.022
0.023
0.024
0.023
0.029
0.027
0.026

0.062
0.033
0.032
0.023
0.014
0.023
-0.006
0.010
0.036

0.086
0.057
0.023
0.017
0.023
0.022
0.036
0.026
0.025

-0.036
-0.011
-0.060
0.086
-0.023
-0.097
-0.092
-0.023
0.013

0.042
0.048
0.046
0.254
0.097
0.214
0.202
0.079
0.004

-0.008
-0.002
-0.007
-0.053
-0.010
0.000
-0.053
0.020
0.009

0.054
0.073
0.086
0.112
0.064
0.073
0.065
0.062
0.105

-0.006
-0.004
-0.008
-0.055
-0.009
0.000
-0.050
0.015
0.004

0.053
0.069
0.084
0.118
0.060
0.070
0.064
0.065
0.110
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Mean and standard deviation of strains measured in the tibia insertion region of the AMB for five repeated load trials (n = 4).
Flexion
Angle (°)
Axial
0

Load

Trial 1
Mean
SD

5 Nm IR 0.086
100 N AT 0.055
Pivot Shift 0.044
15
5 Nm IR 0.037
100 N AT 0.027
Pivot Shift 0.023
30
5 Nm IR -0.002
100 N AT 0.016
Pivot Shift 0.033
Trans-Axial
0
5 Nm IR 0.002
100 N AT 0.002
Pivot Shift 0.003
15
5 Nm IR -0.057
100 N AT -0.008
Pivot Shift -0.011
30
5 Nm IR -0.067
100 N AT 0.022
Pivot Shift 0.012
IR = Internal Rotation
AT = Anterior Translation Force

Trial 2
Mean
SD

Trial 3
Mean
SD

Trial 4
Mean
SD

Trial 5
Mean
SD

0.137
0.091
0.039
0.041
0.030
0.021
0.019
0.020
0.027

0.075
0.046
0.040
0.032
0.024
0.022
0.000
0.009
0.038

0.113
0.074
0.033
0.027
0.025
0.022
0.022
0.030
0.025

0.064
0.039
0.033
0.030
0.018
0.020
0.002
0.016
0.039

0.097
0.058
0.022
0.027
0.023
0.023
0.021
0.020
0.022

0.064
0.035
0.034
0.029
0.016
0.022
-0.003
0.011
0.037

0.094
0.058
0.022
0.023
0.024
0.023
0.029
0.027
0.026

0.062
0.033
0.032
0.023
0.014
0.023
-0.006
0.010
0.036

0.086
0.057
0.023
0.017
0.023
0.022
0.036
0.026
0.025

0.034
0.082
0.084
0.100
0.082
0.080
0.070
0.099
0.114

-0.003
0.002
0.000
-0.056
-0.006
-0.007
-0.063
0.024
0.008

0.046
0.077
0.084
0.107
0.071
0.080
0.072
0.074
0.113

-0.005
0.000
-0.004
-0.058
-0.009
0.000
-0.057
0.023
0.004

0.051
0.073
0.083
0.111
0.063
0.072
0.068
0.066
0.114

-0.008
-0.002
-0.007
-0.053
-0.010
0.000
-0.053
0.020
0.009

0.054
0.073
0.086
0.112
0.064
0.073
0.065
0.062
0.105

-0.006
-0.004
-0.008
-0.055
-0.009
0.000
-0.050
0.015
0.004

0.053
0.069
0.084
0.118
0.060
0.070
0.064
0.065
0.110
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Mean and standard deviation of strains measured across the entire length of the AMB for five repeated load trials (n = 4).
Flexion
Angle (°)
Axial
0

Load

Trial 1
Mean
SD

5 Nm IR 0.022
100 N AT 0.027
Pivot Shift 0.042
15
5 Nm IR 0.020
100 N AT 0.047
Pivot Shift 0.063
30
5 Nm IR -0.010
100 N AT 0.036
Pivot Shift 0.043
IR = Internal Rotation
AT = Anterior Translation Force

0.009
0.016
0.013
0.019
0.033
0.048
0.028
0.009
0.010

Trial 2
Mean
SD

Trial 3
Mean
SD

Trial 4
Mean
SD

Trial 5
Mean
SD

0.022
0.027
0.044
0.029
0.047
0.063
-0.008
0.035
0.043

0.022
0.027
0.045
0.029
0.047
0.063
-0.008
0.035
0.043

0.022
0.028
0.047
0.029
0.047
0.064
-0.007
0.035
0.043

0.022
0.029
0.047
0.030
0.047
0.064
-0.007
0.035
0.043

0.009
0.015
0.016
0.034
0.033
0.048
0.027
0.008
0.010

0.010
0.017
0.017
0.034
0.033
0.048
0.027
0.009
0.010

0.010
0.020
0.019
0.035
0.033
0.049
0.027
0.009
0.010

0.010
0.022
0.020
0.035
0.033
0.049
0.027
0.010
0.010
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